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$ Think of what is right and true 
$ Practice and cultivate the science 
5 Become acquainted with the arts 
$ Know the principles of the crafts 
5 Learn to see everything accurately 
$ Understand the harm and benefits in everything 
? Become aware of what is not obvious 
 ^ Be careful even in small matters 
$ Do not do anything useless
This is the W ay for those who want to learn my strategy:
Miyamoto Musashi, The Book of Five Rings, 1645.
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Docking of a flexible ligand to a rigid protein, followed by molecular dynamics (MD) 
studies to allow movement of the protein is shown to be a useful method for 
investigating pharmacologically relevant interactions. Studies of MMB lectins (p -  
sheet proteins with shallow binding sites) reveal the importance of dimerisation to the 
activation of ail of the carbohydrate binding sites of these lectins, finalising site III into 
a shape that can accommodate mannose. Aloe lectin was shown to have the overall fold 
of a MMB lectin and to be capable of forming a dimeric unit, shown to be stable using 
MD simulations in a water box. Docking shows that only two binding sites in the aloe 
dimer are thought to be able to bind mannose, as alterations in the residues vital for 
binding have occurred, and this is supported by the absence of a cluster of docked 
conformations in these sites. The presence of many ‘sticky’ patches on the exterior of 
aloe lectin are observed, revealing extended binding areas consistent with other 
members of the family. The motions of the mannose molecules in the binding areas 
during the molecular dynamics simulations suggest that the hydrogen bonds observed in 
these protein-carbohydrate complexes are dynamic in nature and can be constantly 
breaking and reforming.
Docking of atropine to the GPCR mlAchR (an a-helical transmembrane protein with 
and enclosed binding site) indicates the presence of two key hydrogen bonds with 
Seri 09 and AsnllO. The main influences on docking seem to be shape and size of the 
ligand rather than charge considerations, although the negatively charged end of the 
binding pocket orients the molecules in the majority of the dockings in the same 
direction. Docking studies of atropine and selected analogues to mlAchR and two 
mutants, Tyr381Phe and Tyr381Ala, produce data which correlate well with 
experimentally determined pICso values and a prediction of pICso of previously untested 
antagonists for this system. Molecular dynamics studies show differential movement in 
the transmembrane helices for MD studies with acetylcholine, atropine and no ligand 
bound and rearrangement of some key hydrogen bonds. This leads to a model of inverse 
agonist functionality for atropine and its analogues involving the prevention of helical 
movement by the aromatic tail groups of these ligands.
v
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1. Introduction.
1.1. An Introduction to Plant Lectins.
Lectins are proteins that selectively and reversibly bind carbohydrates1, and have the 
ability to recognise a diverse array of oligosaccharide patterns. In fact the word Tectin’ 
is derived from the latin verb legere - ‘to select’2. They are found in most organisms and 
are present to facilitate many biological recognition processes such as host pathogen 
interactions, those processes required during fertilisation, lymphocyte homing and for 
the purposes of combating parasites and predatory herbivores. Legume lectins, 
particularly are involved in the recognition of bacteria for the purpose of establishing 
symbiosis and the fixing of nitrogen. Lectins are currently being used extensively as 
biological research tools because of their ability to bind to cell surface carbohydrates1,3 
and Monocot Mannose Binding (MMB) lectins have been implicated in the treatment of 
Human immunodeficiency virus (HIV)4. Recently, viral proteins have been seen to 
exhibit lectin binding activity and, as such, studies of lectins could help to illuminate the
c
processes by which viruses attach and gain entry to cells .
Plant lectins have been grouped into certain families:
• Legume lectins (leguminoseae family)
• Flower bulb lectins, monocot mannose binding (MMB)
• Jacalin related lectins (moraceae family)
• Amaranthins (t-antigen specific)
• Grain Lectins, chitin binding (G rim ineae  family, including cereals)
• Phloem lectins (Cucurbitaceae family)
• Potato and tomato lectins (Solanaceae family)
• RIP s (Type 2 ribosome-inactivating proteins)
1
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All of these families differ in respect of their carbohydrate specificity and the overall 
structural fold. There are also two types of animal lectins: these are C-type (calcium 
dependent) and S-type (calcium independent or thiol dependent) lectins; C-type lectins 
are the only lectins that demonstrate direct links between the substrate and a bound 
metal ion. Certain S-type lectins show significant topological similarities to legume 
lectins, demonstrating that structural similarities are not only restricted to families of 
proteins with significant sequence homology6.
In addition to the many different families of lectins, there are two distinct categories 
of carbohydrate-binding proteins. Group I have deep binding pockets, which move to 
close off the bound molecule completely from the environment outside the protein. 
Group II proteins have shallow binding sites and, as a consequence, lower binding 
affinities; all lectins fall into this category7,8. Consequently, not all of the sugar’s 
hydrogen bonding capability is utilised, although the access allowed to the ring 
substituents with this kind of binding is instrumental in subsequent recognition of other 
ring substituents. At no time does the binding site move to enclose the substrate 
completely, nor do individual parts of the site change by much more than IA upon 
binding. There is also no evidence to suggest that distortion of the geometry of the 
sugar ring occurs during binding, as is observed in other carbohydrate binding systems9.
Many of the families of lectins have evolved a similar means of increasing their 
affinity for their substrates i.e. the utilisation of extended binding sites, employing van 
der Waals’ forces and aromatic stacking to improve selectivity. Despite their highly 
polar nature, carbohydrates have non-polar patches, which are used by the protein to 
provide extra binding/selectivity by packing against a non-polar area such as a Val 
residue or against an aromatic ring from a residue such as Tyr or Phe. Interestingly, 
these ring-stacking interactions are not parallel, and are often oriented with an angle of 
between 17 and 52 degrees between them9. Lectins also increase their affinity for
2
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substrates by the formation of oligomers, which gather together many binding sites. In 
the case of snowdrop lectin, twelve binding sites are drawn together through the 
formation of a tetramer. This clustering of subunits enables these proteins to bind to cell 
surfaces for their role within the plant, which is to bind selectively large, relatively 
planar, groups of carbohydrates.
The three-dimensional structure of lectins is characterised by a predominance of 13- 
sheets with a general absence of a-helices. The presence of a pseudo three-fold 
symmetry throughout many of the families of lectins strongly suggests an evolutionary 
relationship between them. It is postulated that they have had to overcome similar 
environmental pressures, which have forced them to evolve such associations as dimers 
or tetramers as a means of increasing efficiency6 independently. This is in contrast to 
the observation that families of lectins often contain members that have high 
specificities for different sugars10.
The most highly conserved residues are generally those with hydrophobic side chains 
that fold into the central area of the protein; these contribute greatly to the stability of 
the structures in partnership with metal co-ordination and van der Waals’ forces. Along 
with other residues the side chains of Asp, Gly, Asn, main chain amide hydrogens and 
carbonyl oxygens commonly participate in intermolecular hydrogen-bonds3. This is the 
main mechanism of binding carbohydrates and is due to the large number of hydroxyl 
groups present on the sugar molecules. Many of these hydrogen bonds are water- 
mediated and can be as strong as direct protein-carbohydrate hydrogen bonds. Studies 
have shown that, even in the unbound protein, water remains in the binding area of 
many lectins, in a pattern that closely resembles the shape of the carbohydrate areas that 
contribute to binding5,6.
3
C h a p t e r  1 :  I n t r o d u c t i o n
A crucial level of selection, which favours the ‘correct’ carbohydrate in the binding 
sites of lectins is achieved via different routes by different lectins. Legume lectins and 
C-type lectins, for example, use a number of hydrogen-bond donors/acceptors to 
recognise specific orientations of the equatorial/axial 4-OH groups on the sugar 
molecule. Indeed, donors and acceptors tend to congregate around the 4-OH, whereas 
around other OH groups they are less restricted in position and more limited in quantity. 
Once primary selection has occurred, the binding energy is further reduced by 
contributions from additional hydrogen bonds, van der Waals interactions and aromatic 
stacking, allowing for refinements in specificity4,11. It is partly these secondary 
contributions that account for the different specificities observed within families of 
lectins.
1.1.2. Monocot Mannose Binding (MMB) Lectins.
(otherwise known as flower bulb or non seed lectins).
The monomers of MMB lectins are constructed in the shape of a triangular prism from 
three bundles of anti-parallel [3-sheets joined by loops to form a twelve-stranded 13- 
barrel. Each (3-sheet consists of four strands, which contribute a total of eighteen 
residues to the central hydrophobic area, and are generally of a molecular weight of 
around 12kD. These lectins exhibit internal pseudo three-fold symmetiy and are 
unusually flat and associate to form dimers, which in turn associate to form tetramers.
4
C h a p t e r  1 :  I n t r o d u c t i o n
Figure 1: Garlic lectin (a  M M B  lectin) m onom er with mannose present in all three o f  
the carbohydrate recognition domains. The lectin structure is represented in ribbon  
fo rm  and the mannose as spacefilled representation in blue
There are four distinct types of MMB lectin:
1. homo-oligomers which consist of identical subunits;
2. hetero-oligomers which exhibit a high degree of homology between the domains 
(e .g . Garlic lectin);
3. hetero-oligomers with lesser homology;
4. there are also those which form a tetramer of much larger subunits (28kD
compared with 12kD), each of which appears to consist of two subunits thus the
• • • 12 oligomer appears to be a hetero-octamer. Tulip lectin is an example of the latter .
5
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An unusual feature of the monomers of flower bulb lectins is that they link their C- 
terminal strands to form a (3-sheet, forming eleven hydrogen bonds in the process of 
dimerisation13 (figure 2).
Figure 2: Two garlic lectin monomers associated together to form a dimer, the two 
monomers are represented in different colours.
6
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Figure 3. Gln26, Asp28, Asn30 and Tyr34 are four key residues involved in one of the
o y 9
mannose binding sites in garlic lectin . Hydrogen bonds shown in green, the 
protein ribbons are shown as grey strands. The sugar is methyl-a-D-mannose.
In contrast to other lectin families, which often utilise backbone atoms when binding 
carbohydrates, MMB lectins involve four side chains in hydrogen bonding with the 
sugar molecule. In site I, Asn30 is a charged residue which forms a hydrogen bond with 
the 2-OH of the mannose, acting as a hydrogen bond acceptor. Asp28 and Gln26 are 
polar planar residues, which form contacts with the 2-OH and the 3-OH respectively as 
hydrogen bond donors. Tyr34 is an OH containing residue bonding with the 4-OH 
(Figure 3). There is also a water-mediated hydrogen bond sometimes observed to the 5- 
OH8, which is not depicted here and a hydrophobic interaction between Val95 and the 
C5 and C6 of the mannose. Val63 and Val32 are involved with the other two binding 
sites in the molecule i.e. site II and III. The axial positioning of the 2-OH on the
7
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mannose, pointing downwards into the cluster formed by Gin, Asp and Asn is 
considered to be essential for selectivity (Figure 4). Inhibition assays of bluebell lectin 
(not examined here because of the presence of an extra loop, but containing three 
identical binding sites) revealed the specificity of MMB lectins for mannose to be a 
consequence of the axial 2-OH. This is supported by the observation that glucose, with 
an equatorial 2-OH is not an inhibitor14. These studies also determined that the 6-OH 
was also not essential for binding.
Figure 4: the axial 2-OH can be seen pointing into the cleft between Gin, 
Asp and Asn. Val is shown in yellow
This study employed existing models built previously15. The snowdrop lectin 
(ljpc.pdb16), with a resolution of 2.0A, was used as the template to model the aloe lectin 
sequence17. In total, 43 residues were replaced and one inserted using the library of 
allowed conformations available with Insightll. The aligned sequences have 109 
residues each, including a gap in ljpc, giving a sequence identity of 60% (Figure 5).
8
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Molecular modelling studies of lectins have been published with models built from 
sequence identities of between 40% to 50%14'18.
Snowdrop (ljp c)11 DNIL Y SGE TL S TGE FLNYGSFVFIMQE DCNLVL YD VDKPIWATNTGGL 
Aloe (lec aloar)17 DNILYSSEglJ||BFGM P'IM(J t >CNLVLYH H PTWAl NT6GL 
Daffodil(lnpl) 13 DNILYSGETLSPGEFLNNGRYVFIMQEDCNLVLYDVDKPIWATNTGGL
Garlic (lbwua)19 RNILRNDEGLYGGQSLDVNPYHFIMQEDCNLVLYDHSTSVWASNTGIL 
Garlic (lbwub) RNILTNDEGLYGGQSLDVNPYHLIMQEDCNLVLYDHSTAVWSSNTDIP
S. SRSCFLS-MQTDGNLWYNPSNKPIWASNTG-GQNGNYVCILQKDRNWIYGTDRWATGTHT-
a . B M B ^ tdgnlwM M | iwqsntgtB ^ g|yH ^Q kB nvvivgH ^ atgtB g
D. DRRCHLSMQSDGNLWYSPRNNPIWASNTG-GENGNYVCVLQKDRNWIYGTARWATGTNIH-
G . GKKGCRAVLQSDGNFWYDAE GRSLWASH SVRG-NGNYVLVLQEDGNWIYRSDIWS TN----
G . GKKGCKAVLQSDGNFWYDAEGASLWASHSVRG-NGNYVLVLQEDGNWIYRSDIWSTR-----
Figure 5: sequence alignment of monocot mannose binding lectins: snowdrop, aloe, 
daffodil and two different chains of a garlic structure. Key residues for binding are 
shown in pink text, the contouring edge of the binding pocket is shown in green text. Red 
highlights indicate residues that were replaced during homology modelling and the 
yellow highlight indicates the only insertion. The blue residues indicate a conserved Val 
residue in the lectins which form tetramers.
Owing to the ease with which automated homology modelling is undertaken, the aloe 
sequence was also submitted to Swiss-Model, which selected lmsa as a template. The 
resulting models have been called aloe and swiss-aloe respectively (N.B. lmsa is based 
on the same x-ray crystallographic data as ljpc (Figure 5)).
In general, lectins are known to associate to form dimers and tetramers in order to fulfil 
their role in cell recognition and be able to bind to large arrays of sugar residues and to 
augment the strength of single protein-carbohydrate interactions20, this type of 
association is commonly observed in biological systems. When the sequence for aloe 
lectin was elucidated the estimate was that this lectin was a homo-trimer or homo-
9
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tetramer13, each sequence having a molecular weight of 12kD, and containing a bulb 
lectin domain.
From analysis of the x-ray crystal structures it is apparent that in the garlic lectin 
crystal structure there is a fourth mannose bound to a distinct part of each monomer, 
although there do not seem to be hydrogen-bonding capabilities to account for this. In 
the crystal structure of daffodil lectin there is also a sugar bound to a site discrete from 
the documented carbohydrate recognition domains, in two different possible 
conformations. This occurs in a different area to that of the extra site in the garlic lectin. 
In this instance a number of hydrogen bonds are observed between daffodil lectin and 
the oligosaccharide. These extra sites, or ‘sticky’ patches, are only seen in these two 
crystal structures and are of a very low occupancy (25% in the case of the daffodil 
lectin) and each have high temperature factors; i.e the certainty of the existence of these 
conformations is low. However, this uncertainty does not mean that these patches do not 
play some role in the carbohydrate binding modes of these proteins; they help to account 
for the variability of sugar specificity available to these lectins and reveal the possibility 
of more complex modes of binding.
The association of MMB lectins to form tetramers is of a different nature to the 
formation of dimers (Figure 6): no hydrogen bonds are observed, the union being 
stabilized by hydrophobic interactions. Garlic lectin does not appear to form dimers5,19, 
unlike snowdrop and daffodil lectin. There is a conserved Val residue (coloured in blue 
in Figure 4) present in both of the lectins that do form tetramers, but which is missing 
from both garlic and aloe lectins. However, there are a number of hydrophobic patches 
on the surface of aloe lectin, so association could occur in a slightly different fashion. 
Certainly within the legume lectin family there are a number of different types of 
quaternary structure association resulting from small differences in the tertiary structure 
of the individual units. The differences in quaternary associations between these lectins
10
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are thought to be the cause of the different specificities observed for complex glycans. 
For example both snowdrop and daffodil lectin bind to gpl20, a glycoprotein on the 
surface of the HIV virus, whereas the garlic lectin does not. This inability of garlic 
lectin dimers to bind is suggested to result from a lack of extended binding sites, which 
are created by tetrameric association21.
Figure 6: Imsa.pdb, snowdrop lectin tetramer, each dimer can be seen in a
different colour.
1.1.3. Lectin Modelling Studies
Molecular modelling of lectins has been attempted with a large degree of confidence, 
as generally there is a high degree of sequence homology within the lectin families. 
Modelling studies have also provided information regarding the specificity of the
11
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carbohydrate binding sites, the role of water in the binding sites, and a qualitative 
explanation of the available thermodynamic data relating to lectin carbohydrate 
interactions22,23.
Homology Modelling of MMB lectins has been shown in most cases to require 
insertions and deletions solely in the loop regions, and have shown extensively that 
alterations in the binding areas result in non functionality12,14,18. However, none of these 
modelling studies include flexible docking studies or molecular dynamics to explore the 
interactions of these lectins with mannose in greater detail.
1 2
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1.2 Introduction to GPCRs and the M l Muscarinic Receptor.
G-protein coupled receptors (GPCRs) are 7-helix transmembrane (TM) receptors that 
transmit extra-cellular stimuli through the action of G-proteins. For the purposes of this 
thesis the helices will always be coloured in the following order: 1-red, 2-orange, 3- 
yellow, 4-green, 5-blue, 6-purple and 7-pink (Figures 7 and 8).
Figure 7: a view from the extracellular side of a GPCR. Helices coloured 
TM1 =red, TM2=orange, TM3=yellow, TM4= green, TM5=blue, TM6=purple,
TM7=pink.
13
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Figure 8: a view of a GPCR crossing the cell wall. Helices coloured as in figure 
7. The N-terminus is extracellular and the C-terminus is intracellular and the T M  
domains consist predominantly of hydrophobic residues.
GPCRs are the largest group of cell surface receptors. Some 60% of current 
pharmaceuticals are thought to act via GPCRs and, as such, they are targets for a large 
number of therapy discovery programmes. The functionality of these receptors is a two 
way process. The binding of a ligand facilitates the binding of a guanine nucleotide 
binding protein (G-protein) inside the cell, forming a ternary complex, which, in turn, 
facilitates the catalytic nucleotide exchange GDP/GTP on the a subunit of the G-protein. 
Subsequently the ternary complex breaks down, releasing the Ga-GTP and Gpy-G
1 4
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Subunits of the G-protein24’25. These protein subunits then activate effector molecules, 
such as ^enyfyTc^clase, phospholipase C and ion channels. Conversely, a G-protein 
can bind the receptor prior to ligand binding, altering the affinity of the receptor for the 
ligand. GPCRs are not confined to this one functionality and exhibit other behaviours 
such as desensitization, dimerisation (both homo and hetero), clustering, internalization 
and association with other membrane proteins.
Many different ligands bind to GPCRs, ranging from small molecules (which bind in a 
cleft formed between the 7 helices) to proteins (which bind to the extracellular loops and 
do not enter into the channel between the 7 helices). In general, for the case of small 
molecules, only four of the helices in the inactive receptor are involved directly in 
binding to the ligand, TM3, 5, 6 and 726, although there are often other interactions. 
From experiments carried out before the x-ray crystal structure of bovine rhodopsin was 
elucidated, it appears that during activation the receptor proceeds into an active state via 
rotation of the helices27, achieved via a release of some of the restraints holding the 
helices in the inactive state (see green highlighted residues in Figure 12), particularly the 
diminished restraints on helix 624. The proposed motion is a separation of helices 3 and 6 
and an outward movement of helix 7, this motion is due, in part, to the flexibility of the 
helices imparted by highly conserved proline residues28. This movement results in an 
increased exposure of the inner faces of the intracellular end of helices 2, 3, 4 and 7, 
with the overall movement of 3 probably greater than that of 6. This results in the
90exposure of the intracellular G-protein binding area 5 . The various ligands applicable 
to these systems are thought to cause a difference, once bound, in the amount of time for 
which the two different states are occupied or the accessibility of these two states. A 
number of cavities in the rhodopsin structure have been observed and are thought to be 
involved in interactions with water molecules, but the exact nature of these interactions 
has not yet been fully elucidated30.
1 5
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1.2.1 Agonists, Antagonists and Constitutive Activity.
When an agonist binds to a receptor conventional wisdom dictates that it causes a 
conformational change and activates the receptor. However, during its random sampling 
of conformational space a receptor will at times adopt the active conformation without 
the presence of a ligand. The existence of the receptor in this state -  activated without an 
agonist -  normally occurs so infrequently that it is considered to be zero for most 
purposes (this is called the basal level). There are certain receptors however, such as the 
rat acetylcholine muscarinic Ml receptor (detailed below), for which constitutive 
activity is observed when the wild type receptor is present at larger concentrations than 
normal in an artificial system. That is to say that these receptors attain the active state a 
significant number of times without the presence of an agonist. The response to an 
agonist is still that of increased activation and the response to neutral antagonists is no 
change to the receptor state, and both inactive (R) and active (R*) are ‘seen’ as the same 
by the neutral antagonists 3l. However, some antagonists inhibit the constitutive 
activation and these antagonists are called inverse agonists (Figure 9).
16
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Figure 9: shows a dose response curve to illustrate constitutive activity.
Although this phenomenon was initially evident only in artificial (transfected) systems
9^it has been shown to exist in natural systems and is a common consequence of 
mutations in the protein sequences. Many human diseases are thought to be a 
consequence of constitutive activity of receptors, due to mutations or increased 
expression such as hyperthyroidism (TSH receptor)33, retinal degeneration (rhodopsin)34 
and precocious puberty (LH receptor)35. Inverse agonists, as opposed to neutral 
antagonists, are required to prevent the activation of these mutant receptors and thus are 
of potential therapeutic use (N. B. it should be noted that reclassification of many 
antagonists as inverse agonists is ongoing). It is also possible that eventually receptors 
may be introduced into patients in high concentrations as therapies36, thus necessitating 
an understanding of the mechanisms of constitutive activity as a result of overexpression 
of a receptor.
1 7
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1.2.2. Basic Receptor Theory.
Recently, the idea of two different conformations of GPCRs (the inactive and active 
conformation), which exist in a simple equilibrium, has been challenged by a more 
complex model of receptor activation, essentially as a result of the discovery of inverse 
agonists. Experimental work has been interpreted to suggest that there could be a range 
of different conformations available to the receptor25,37, with the ligands either causing 
different states or altering the amount of states available, each more or less affected by 
the bound ligand38.
The more complex models incorporate thermodynamic linkage theory; i.e. a system 
described as different receptor states linked together by various different independent 
energy transitions. The first model describing this more complex receptor theory was the 
Ternary Complex model, which has been extended by the inclusion of constitutive 
activity of a receptor in the model39, to the Extended Ternaiy Complex (ETC) model 
(Figure 10). In this model the receptor exists in an inactive state (R) and active state 
(R*), ligands (L) are present to form 3 ligand bound species and G-proteins (G) bind 
only to the active state. The Cubic Ternary Complex (CTC) model (Figure 11) allows 
for the formation of a complex between the inactive receptor and a G-protein.
Figure 10: The ETC model of receptor activity. L is the ligand, R the inactive 
receptor, R* the active receptor and G is the G-protein.
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Figure 11: the CTC model of receptor activity.
The exact nature of GPCR activation, and the conformations of the receptor which 
exist are a subject of much debate; experimental results for different class 1 GPCR 
systems seem to fit different models. For instance, similar rates of GTPyS (an analogue 
of GTP) binding for different agonists bound to the D2 dopamine receptor25,40 seem to 
indicate that the active states are similar for different agonists. Conversely, different 
rates of ternary complex breakdown, which have been inferred for the (fr-adrenergic 
receptor with different agonists bound, indicate that different activated states exist for 
different agonists25,41. These issues, however, are primarily related to discussions on the 
interpretation of efficacy data (efficacy can be described as the ability of a ligand to 
induce a response and can be measured by determining the free energy difference 
between the inactive form of the receptor and the activated receptor complex25). This 
project is concerned only with the affinity of particular ligands for a given GPCR and 
thus a more detailed discussion of this point is not attempted here.
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1.2.3. Crystal Structure and Available Data.
As a result of the difficulty of crystallising membrane bound proteins there is only one 
set of atomic coordinates available for GPCRs; that of bovine rhodopsin42. Previously, a 
high-resolution structure was available for bacteriorhodopsin but, although this protein 
is a transmembrane protein with 7 helices, it is not a GPCR and has no significant 
sequence identity with GPCRs.
There are also other low-resolution data available from cryo-microscopy of bovine and 
frog rhodopsin at 9A and 6A respectively43. As a consequence of the poor quality of 
these template structures, the resulting models contained a high degree of uncertainty44. 
However, some models based on this data achieve a high degree of similarity with the 
subsequently determined bovine Rhodopsin crystal structure45,46,47, with root mean 
square deviations of around 200 a-carbon atoms of 3.1-3.3A from the final structure. 
This has helped to confirm that other GPCRs will share the 7-transmembrane helical 
structure and some specific interactions observed in the bovine rhodopsin crystal. 
Computational models can be successfully produced, based on this one structure and 
refined using the vast databases of biological data available, such as mutagenesis data.
There are some issues surrounding the use of this single, high-resolution crystal
A o
structure to create models of GPCRs . One such problem is that the ligand bound to 
rhodopsin in the crystal structure, retinal, is covalently bound, which is not thought to be 
the case for many other GPCR ligands. The bound cw-retinal is induced by light to 
change from the dormant cis to the trans conformation, which acts as an agonist. This 
agonist functionality is thought to be similar to how other related GPCRs will behave24, 
supported by the observation that most of the amino acid residues thought to be involved 
in ligand binding in other receptors are found to point in towards the centre of the helical 
bundle30. Receptors can be divided into four classes, the majority fall into the Rhodopsin 
like class 1, and are the best characterised of all the receptor families. The Ml
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muscarinic receptor falls into this class of receptors and, although sequence identity can 
be low, this group is thought to share the greatest number of characteristics with 
rhodopsin. The members of this group are thus among the best receptors to model using 
the rhodopsin crystal structure. A large number of models have been created by various 
groups and deposited in the GPCR Data Base (GPCRDB)49; there is also a large amount 
of related information deposited there regarding sequence alignments and helix 
orientation that is required to generate a cogent model.
1.2.4. Muscarinic receptors.
The receptor selected for examination in this study was rat Ml acetylcholine 
muscarinic receptor (mlAChR). Muscarinic receptors are G-protein coupled receptors 
found in the parasympathetic nervous system and extensively in the brain, particularly in 
the cerebral cortex and the hippocampus. There are five main types, of which Ml, M3 
and M5 stimulate phosphoinositide metabolism whilst M2 and M4 receptors inhibit 
adenylate cyclase. Muscarinic receptors, including mlAchR, have been shown to be 
constitutively active in various artificial systems50,51.
The sequence alignment of mlAchR and bovine rhodopsin (Figure 12) reveals that the 
sequence identity between mlAchR and bovine rhodopsin is 20.6%. This was the 
template used by Saldhana et al51 for building the model examined here, as this is the 
only complete, high resolution, structure of a GPCR that is available. A few residues, 
highlighted in the alignment, are seen to be highly conserved throughout all GPCRs, 
which are also conserved in mlAchR. The model has a 129 residue section missing from 
one of the intracellular loops in order to map most correctly the mlAchR sequence on to 
the crystal structure, this loop is remote from the binding area and thus not significant to 
this investigation. An artifact from the rhodopsin structure that is unlikely to be retained 
in the mlAchR structure is a section of two (3-sheets, which close over the opening to 
the binding site. As retinal is covalently bound to rhodopsin the molecule does not leave
21
C h a p t e r  1 :  I n t r o d u c t i o n
the binding area; this is likely to be different for receptors that require ligands to diffuse 
in and out of the pocket between the helices.
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Figure 12. Sequence alignment of bovine rhodopsin crystal structure (fl88.pdb) 
and mlAchR based upon a BLAST search. Helices coloured as indicated in 
Figure 7. Some key residues which are conserved throughout group 1 receptors 
are highlighted in yellow24'42, green highlights are thought to be key to 
maintaining the inactive conformation53'54, N  and D  from helix 1 and 2 are also
thought to participate.
Various mutagenesis studies were used to refine the model in terms of information 
deduced about inter-molecular interactions28 54,57. The residues, shown in white on the 
snake plot (Figure 13), are those for which mutagenesis data are available.
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Figure 13: a snake plot53 for mlAchR, showing residues for which mutagenesis data are 
available (shown in white, other residues coloured by type). The intra-cellular loop is 
missing from this plot as it is from the model in the current work.
All information deduced from mutagenesis data has to be considered carefully, 
although a mutation reduces the binding affinity of a ligand, it is not necessarily directly 
involved in binding that ligand. The loss of a residue remote from the binding site could 
dramatically affect the shape of the binding site or restrict access to it by disrupting the 
overall protein structure. This could certainly affect the ability of a structure to change 
from an active to an inactive state as this may concern residues far remote from the
O # w
active site , indeed mutations often result in a constitutively active protein.
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1.2.5. mlAcliR Ligands and Binding Site.
Acetylcholine is the endogenous agonist for mlAChR. Muscarine (Figure 14), from 
the fly agaric mushroom Amanita Muse aria, is a typical exogenous agonist for 
mlAChR.
OH
Figure 14: muscarine
Atropine (Figure 15), which is a naturally occurring alkaloid from Atropa Belladonna, 
and other analogous ligands are antagonists i.e. they bind to the receptor and elicit no 
response. It is as yet undetermined whether atropine acts as an antagonist, merely 
inhibiting by competition, or an inverse agonist , preventing constitutive activation of 
the receptor.
Tropane ring
Figure 15: atropine
One of the features of the binding of many of these ligands to muscarinic receptors is 
the quaternary ammonium moiety (as seen in Figure 14). The presence of the quaternaiy
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nitrogen improves the binding affinity of a given ligand28 and also prevents these ligands 
from crossing the blood brain barrier.
The acetylcholine binding site in mlAChR is situated in much the same location as the 
retinal binding site in bovine rhodopsin26 and this gives some confidence in the location 
of the binding site, primarily in the space between TM3, 5, 6 and 7. Certain residues 
have been found to be important for ligand binding in mlAchR, particularly Asp 105, 
which contributes to a slightly negative end of the binding pocket. The nitrogen head 
group of atropine, acetylcholine and related ligands is thought to bind at this end of the 
pocket. This accounts, in part, for the improved affinity of the receptor for the 
quaternary nitrogen moiety over the neutral tertiary nitrogen. The ester functionality is 
also proposed to be involved in binding with Tyrl06 (almost contributing as much free 
energy as AsplOS54), Trpl57 and Tyr38150. Furthermore, the aromatic nature of TrplOl, 
Tyrl06 and Tyr381 seem crucial for signalling efficacy. Hulme et. al.51,52 proposed that 
the mechanism for activation of the receptor involves the closure of an aromatic cage 
around the nitrogen head-group of the agonist. This closure results in the breaking of 
hydrogen bonds and the formation of new ones between highly conserved polar residues 
such as Asn43(TMl), Asp71(TM2), Asn414 and Tyr418 (TM7), leading to helical 
movement. TM 6 and 7 are proposed to move relative to TM328, in a similar fashion to 
the mechanism proposed for bovine rhodopsin.
1.2.6. Receptor Docking and Molecular Dynamics Studies.
Docking has been shown to be useful in providing a rational basis for predicting the 
functionality of ligands in GPCRs58. One such study was the manual docking of 
analogues of the muscarinic agonist WAY-123983 to a full model of the human 
mlAchR59, which has been found to be a more useful tool for elucidating ligand- 
receptor interactions than an isolated active site model. Distinctions between agonists 
and antagonists were found using this docking method. Other docking studies have also
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been shown to be able to predict the influence of single amino acids on ligand 
selectivity60,61.
Rhodopsin has been the subject of many molecular dynamics studies; in one a cell 
membrane was mimicked by using a 56 x 46 x 30A3 layer of «-octane immersed in a 
water box using the TIP3P (Chapter 2) water model62. These results reveal interesting 
insights to the activation process of rhodopsin, initiated via the structural strain induced 
by isomerisation of the bound c/s-retinal to the /ram-retinal, and propagated throughout 
the receptor. Others have used explicit lipid environments, such as a 
dilauroylphosphatidyl-ethanolamine (ErbB-2 tyrosine kinase receptor, not a GPCR)63 or 
dioleoyl-phosphatidylcholine (rhodopsin)64 bilayer to mimic the cell wall environment 
within which the receptor sits with some success.
Molecular Dynamics and docking studies have been used together to explore GPCR 
structural conformations and binding site functionality. In particular, studies of the 
human cannabinoid CB2 receptor used molecular dynamics in vacuo rather than in a 
water or lipid environment. These studies utilized constrained MD to remove any 
unfavourable contacts that may have remained after the model was created, and docking 
studies performed by placing the ligand in the site manually65. Another study used MD 
to distinguish between the different binding sites of the three opioid receptors66 and 
helped elucidate some of the functional effects of mutagenesis.
One of the shortcomings of in vacuo simulations of GPCRs seems to be distortions 
occurring in the inter-helical loops, caused by the formation of spurious hydrogen 
bonds67. One study immersed the bacteriorhodopsin model in a water-vacuum-water 
layer; the hydrophobic TM domains in the vacuum environment and the loops in the 
solvent68 in a effort to immerse the loop regions in a more functionally revealing 
environment. However, despite the shortfalls, studies have used in vacuo MD
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useful structural features69. It has been demonstrated in comparative studies, between a 
vacuum environment and a simulated lipid bi-layer, that in vacuo simulations can 
produce fast sampling of conformational space and reasonable simulations of the 
hydrophobic core63,62, and thus provide useful insights into the ligand binding area. 
However, in order to probe the dynamics of the TM helices in detail a lipid bi-layer is 
required. Constrained simulated annealing MD studies (also performed in vacuo) have 
also been utilised usefully to explore conformational possibilities of transmembrane
70 71receptors ’ .
In vacuo MD studies of bacteriorhodopsin have shown differential amounts of 
movement between the two ends of the helical bundle, the intra-cellular end moving 
more compared with the extra-cellular end of the helical bundle72.
1.2.7. Aims.
The aims of this project are to investigate two distinct modes of ligand binding in two 
pharmacologically relevant proteins using a docking method with a flexible ligand to a 
rigid protein, and then to apply molecular dynamics to investigate the effects of protein 
motion on the binding sites. It is hoped to link the results of these modelling 
investigations with experimental results in order to improve understanding of the 
pharmacologically relevant modes of action of the various ligands.
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2. Experimental
2.1. Introduction.
Accurate analysis of protein-ligand interactions requires high-resolution structures 
that can only be derived from experimental data. However, theoretical models, built 
and refined by various homology modelling methods, can be useful for designing 
experiments and for visualising the results. These are additionally useful for looking 
at the outcome of altering the primary sequence of a protein and designing new and 
improved ligands and drug targets.
Three-dimensional structures were retrieved from the Protein DataBanlc (PDB), a 
data base of protein models derived from X-ray crystallography data, NMR studies 
and homology modelling. Various analysis tools and information about entries are 
available on the web site.
The following tools were used for the modelling in this project:
Insightll1 was run on a Silicon Graphics Iris Indigo XZ4000 workstation. Protein 
structures and models were viewed, manipulated, built and superimposed using the 
Builder and Biopolymer module. The Discover module was used for minimisations. 
The force field used for all of the calculations undertaken using Insight was AMBER, 
described below.
Deep View2. This programme can be used for a variety of different functions related 
to homology modelling a protein and is designed to work in conjunction with Swiss- 
model, a collection of programmes for automated modelling. In this project it was 
used extensively as a tool for viewing the outcome of the various modelling, 
procedures and for homology modelling via the swiss-model server.
Viewer Pro™ from Accelrys was used for some viewing purposes and for producing 
some images.
Chimera3 was used for viewing the molecular* dynamics trajectories.
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Amber54 was used for MD and minimisations of all GPCRs and MD of lectins. This 
was implemented on the Columbus cluster at Rutherford Appleton Laboratories. 
Columbus consists of 6 HP/Compaq ES40 computers. Each AlphaServer ES40 
machine has four 833MHz EV68 CPUs and 8Gb of memory connected with a high­
speed low-latency QSW switch forming an AlphaServer Super Computer.
GAMESS5 was used for all molecular orbital calculations on ligands. Implemented 
on a 700MHz Athlon PC with 526Mb SDRAM and a 40Gb hard disk 
Moiden6 was used to evaluate the GAMESS results and to produce the input files for 
the Amber5 charge fitting program, RESP.
Autodock37 is the program used to perform all dockings for this project run on a 
Silicon Graphics Iris Indigo XZ4000 workstation.
Autodock Tools8 was used to prepare protein and ligand files for use in Autodock. 
Hyperchem9 was used to perform a QSAR study using a 700MHz Athlon PC with 
526Mb SDRAM and a 40Gb hard disk.
2.2. Sequence Analysis
(i) Sequence retrieval.
Sequences were retrieved from web based databases using tools such as the 
Sequence Retrieval System (SRS), accessible through http://www.ebi.ac.ulc. The SRS 
has links to over eighty biological databases and is thus able to offer a comprehensive 
service, including programmes such as the sequence alignment tools WU-Blast10 and 
ClustlW, described below.
An example of a retrieved sequence is shown below. Amino acid sequences are 
displayed and aligned using the one letter code.
r ■; >ljpc_ snowdrop lectin \
J D N IL Y S G E T L S T G E F L N Y G S F V F IM Q E D C N L V L Y D V D K P IW A T N T G G L S R S C F L S  !
! M Q T D G N L V V Y N P S N K P IW A S N T G G Q N G N Y V C IL Q K D R N V V IY G T D R W A T G T H T G  !
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(ii) Sequence alignment.
Sequence alignment provides an invaluable insight into the structures of related 
proteins, as it is known that three-dimensional structure is closely linked with amino 
acid sequence. It is also important that the sequence alignment is correct as errors can 
lead to anomalies in the model created from it. After acquiring a sequence as 
described above, further sequences can be retrieved from databases and aligned with 
the original sequence using WU-Blast.
Sequence alignment tools are based on dynamic programming algorithms. A 
dynamic programming algorithm generates a matrix, with the amino acids of one 
sequence being the rows and those of the other sequence the columns. The 
programme is given a definition of the relationships between the amino acids, from 
which each segment of the matrix is given a value for the degree of similarity between 
the amino acids, depending on the type of matrix used. Gaps are also given a value, 
which can be altered to give a higher penalty if they occur in areas of a-helices or p- 
sheets. A path can then be traced through the highest scores of the matrix to find the 
optimal alignment, and a final alignment score. For multiple sequence alignments, all 
pairwise alignments are carried out first and a score is given to each, then the 
sequences are aligned starting with the most similar pair (highest score) and then the 
next and so on11,12.
The output from WU-Blast can be viewed as follows:
1 1] Query: 61 (a section of an alignment of aloe and Ijpc) J
| NLVVQNSANRIIWQSNTGTGTNGDYLLVLQKNGNVVIVGPPIWATGT 107 
I NLVV N +N+ IW SNTG G NG+Y+ +LQK+ NVVI G WATGT j
! NLVVYNPSNKPIWASNTG-GONGNYVCILOKDRNVVIYGTDRWATGT 106
Each amino acid is shown as a single letter abbreviation, the middle line annotates 
sequence identity and homology, the +  sign representing homology; if two residues 
are homologous they are either both hydrophobic or both hydrophilic.
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Aligmnents may be carried out with a set of sequences provided by the user using 
ClustlW. Either the whole sequence or important sections can be aligned. A score is 
given for the alignment allowing the user to determine whether a meaningful match 
has been made, usually the higher the score, the better the alignment .
An example of a ClustlW output, insertions 01* deletions in the sequence are 
represented by (-).
LEC_GALNI_ MAKASLLILAAIFLGVITPSCLSDNILYSGETLSTGEFLNYGSFVFIMQED J
1 j pc   DNILYSGETLSTGEFLNYGSFVFIMQED 1
LEC_ALOAR_---------------------- DNILYSSEVLHENQYISYGPYEFIMQHD j
2.3. Homology Modelling
Homology modelling is the creation of a new protein model using an existing model 
of a related protein as a template and replacing, inserting or deleting residues to form 
the sequence of the protein to be modelled.
(i) Manually:
Insightll with the biopolymer module was used to model the lectin.
Amino acid replacements are straightforward using Insightll. Amino acids to be 
replaced can be selected from a library of residues within the program, but an 
insertion requires the protein backbone to be broken and moved slightly in order to 
create space for the new residue. No deletions were required in the making of this 
model. Care must be taken not to alter existing hydrogen bonds or move atoms, too 
close to others during this process. Alternatively, one can search the PDB for a section 
of loop, with the same distance between the anchor points, and attach this to the 
model. This is called ‘spare-parts’ modelling and can be used to build up regions in 
protein models from parts of unrelated proteins stored in the PDB. The energy of the 
model is then minimised using the methods described below.
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(ii) Swiss-Model:
A protein sequence can be submitted to Swiss-Model available at 
http://www.expasy.ch/swissmod14,15. This web based package then chooses related 
structures from the PDB to create the model. Table 1 describes the steps taken by 
Swiss-Model16:
Step Program/Method Action
1 BLASTP2
Find all similarities of target sequence with sequences of 
known structure.
2
SIM
Select all templates with sequence identities above 25% and 
projected model size larger than 20 residues. Furthermore, 
this step will detect domains which can be modelled based 
on unrelated templates
3 - Generate ProModll input files
4 ProModll Generate all models
5 Gromos96 Energy minimsation of all models
Table 1. Steps taken by Swiss-Model
Energy minimisation is carried out in two stages for this process:
i) Steepest descents for 200 cycles;
ii) Conjugate gradients for 300 cycles.
These energy minimisations were carried out using the general GROMOS force field 
(A-version, updated to the 96 version) which has been developed for application to 
aqueous and apolar solutions of proteins, nucleotides and sugars. This force field has 
similar parameters to those found in the AMBER force field.
There is also a facility available for building homology models of the helices of 
GPCRs available at the same site.
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2.4. The AMBER force field
Energy minimisation calculations involving proteins are currently done using 
molecular mechanics force fields - empirical fits to the potential energy surface. 
Molecular orbital calculations are not used due to size of the system and the 
implications that has on computational time required to complete a calculation i.e. the 
system contains too many electrons to be tackled using ab initio or semi-empirical 
methods. A force field is a collection of geometric terms such as bond lengths, angles 
and the associated force constants. Bond lengths are derived from x-ray 
crystallographic data and force constants are usually derived from microwave and 
infra red spectroscopy. This information can also be supplemented by values derived 
from molecular orbital calculations. There are different force fields available that are 
tailored to suit different systems, the differences being in the type of function used to 
describe each energy term and the number of terms included, or the type of 
information used to derive certain parameters.
The AMBER force field contains the following terms17,18:
Etotal Efrond +  E ang|c "b Etorsjons "b E non_bonded
Forty-one atom types specific to amino acids and DNA bases are used to describe 
the system in order to produce the best model of the stereochemistry. This list 
contains, for example, extra terms to describe sp2 hybridised carbon atoms in order to 
more correctly describe ring systems that may be found in proteins or DNA . 
However, this list does not necessarily contain all the parameters required to model 
ligands that contain elements unfamiliar to proteins. Thus, parameters have to be 
added by looking at other force fields available that model the required system 
successfully. A force field is only as good as the parameters that it contains, thus 
systems for which plenty of information is available can be well modelled; proteins 
are one such system.
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A. The first term describes bond energies:
= X K b ( b - b 0 ) 2
b
Atom 1 Atom 2
Kb = force constant 
b = bond length 
bo = ideal bond length
B. The second describes angle strain:
E a n g ^ Z H e C e - G o ) 2 
0
He = force constant 
0 = bond angle
0o = ideal bond angle.
Simple harmonic functions are used to describe the Ebond and Eangie terms (compared 
to cubic or even quartic functions which might be used for smaller systems).
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C. The third term is for torsions:
^  torsions =  Z  “ j H 1 +  C O S (n (| ) -  ( r f  ) ]
<t> 1
Vn = barrier to rotation 
n = periodicity 
(j) = torsion angle 
(j>o =  phase factor
This function differs from the first two because it is a periodic Fourier series. The 
periodicity describes the return of the energy value to its initial level after a 360° 
rotation, and the Fourier series is necessary because of the relatively small energy 
required to rotate bonds; thus large fluctuations in torsional energy may occur.
There are three types of torsional parameters in which the Vn value can be varied to
a o
alter the energy barrier for torsional motion ' :
i. general torsions: X-CH-CH-X, with V3/2 =  2.0kcal/mol; tending to favour 
staggered conformations over eclipsed;
ii. specific torsions: for correct representation of the peptide bond Vi/2 = 0.65 
kcal/m
iii. improper torsions (sometimes described as Out of Plane energy): Describes fourA rt
atoms not bonded in succession. For a peptide C'-Ca-N-H.
Experimental data are not available for all torsions so the information is augmented by 
information gleaned by linear interpolation.
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D. The fourth term can be described pictorially as:
These interactions, shown in red, are contributions from the following non-bonded 
interactions and electrostatic charges:
i. van der Waals forces: the energy of interaction between induced dipoles and 
quadrupoles of non-bonded atoms. (Lennard-Jones potential)
E *  = £ e [ ( r * / r ) ,2- 2 ( r * / r ) ‘ ]
r =  non-bonded distance 
r* = minimum energy distance 
e = the depth of the minimum
the r6 term is due to attractions and the r12 term originates from repulsions.
ii. electrostatic interactions (coulombic interactions): this is a numerical fit of 
potentials to atomic charge models usually calculated using molecular orbital 
methods.
E elec,oSta,ic =  X + q / V , ,
q = atomic charge 
8 = dielectric constant 
r = non-bond distance 
for two atoms i and j
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These are combined into the following term, an additive form:
_  ^  Bij Aii , q ;q
linon - bonded —  2_* T T J T  ~ — 6~
Polarization and a hydrogen bonding 10-12 teim are omitted from the Weiner et al. 
1984,1986 force field. The improved charge modelling from RESP (see 2.6-iii) means 
that a hydrogen bonding term is no longer required.
2.5. Energy Minimisation
Energy minimisation of a structure is necessary before any comparisons can be made 
in order to be sure that the models are at, or close to, a minimum energy 
conformation. Energy minimisation is also required prior to molecular dynamics 
simulations so as to remove any unfavourable interactions that can cause the structure 
to break apart, due to exceptionally large forces. A structure with its potential energy 
at a minimum is arrived at by driving down the energy using the mathematical terms 
describing the molecule until a minimum is reached on the potential energy surface. 
This is not done one term at a time, as the variables are interdependent and would take 
vast amounts of time for molecules as large as proteins. Instead, the first derivative of 
the function, which is the gradient of the potential energy surface, and sometimes the 
second derivative, the Hessian, is calculated. When the gradient has reached an 
arbitrarily low value, the calculation is considered to have converged. Whether or not 
this value is a minimum or a saddle point can be ascertained by looking at the second 
derivative. If it is positive the result is a minimum, if negative a maximum and if zero 
a saddle point.
First an expression describing the energy of the molecule in terms of the positions of 
its atoms is defined, then the conformation is adjusted to give a lower value to this 
expression. Several methods of minimisation appropriate for different situations are 
available as detailed below.
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i) Steepest Descents
Evaluations of the energy expression are carried out in the direction of a negative 
gradient. Once begun interpolation between the three previous points is used to 
determine a minimum, from which a new line search can begin from the calculation of 
a new gradient in the direction of the next step. This method tends to oscillate around 
the minimisation path, always going back before proceeding forwards. The line 
searches are in perpendicular* directions and although it is guaranteed to approach a 
minimum, it never actually gets there, just continues in ever decreasing increments19’20
Figure 1: Energy minimisation: steepest descents depicted using black arrows, 
conjugate gradients using green arrows
ii) Conjugate gradients
This method carries out a line search in a direction ‘conjugate’ to the previous one 
(as opposed to the direction of the negative gradient), that is, somewhere between the 
negative gradient and the direction of the previous search. It is unwise to attempt to 
use any minimisation procedure, such as this, that utilises a quadratic function until 
the energy of the system has reached less than lOOkcal/mol. The calculation is likely 
to be outside the quadratic area of the potential energy surface and this may lead to 
erratic behaviour.
There are other methods available of increasing complexity, but they were not used 
in this project so will not be discussed here. The energy-minimised system is at zero
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Kelvin, with zero kinetic energy so the bond lengths are shorter than reality and there 
is absolutely no movement of the atoms, hi order to study how the system would 
behave over time in a more realistic environment involving movement of bonds, 
angles, torsions etc. over time molecular dynamics can be employed.
2.6 Molecular Dynamics
(i) Theory:
Molecular dynamics (MD) simulations were carried out using the Amber5 suite of 
programmes. MD can be approached in a variety of different ways depending on the 
type of system being examined and the information required. However, there are a 
number of factors that remain constant.
The basis of MD is classical mechanics, Newton’s second law of motion:
F =  ma
Equation 1
Where F is the force acting on the atom, m is the mass of the atom and a is the 
acceleration of the atom. This can be more usefully written with acceleration 
expressed as the second derivative of displacement (s) with respect to time:
6+  u /— ~  =  F; m,
8t 17 1
Equation 2
The force arises when an atom (z) is moved from its position of minimum energy; 
from this force acceleration can then be calculated. Integrating with respect to time 
gives an expression for velocity:
± -  =  (Fl/m i)t +  c ,
Equation 3
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Initially velocities are randomly assigned to each atom thus when t=0
5sl = u 
st Ui
Thus at time t:
= (E / mj )t +  u- 
St v ' ’
Equation 4
Integration of this expression for velocity with respect to time provides an equation 
for displacement:
Si = u it +  4-ait2 + c 2
Equation 5
Thus the evolution of a system over time can be modelled with a suitable integration 
algorithm. The above equation can be solved by using a truncated Taylor series:
§s a4. $2s . t2s(t + At) =  s(t) + — At + —-A —
St St2 2
Equation 6
One source of errors in this calculation is the truncation of this expression. Another is 
the assumption that acceleration remains constant for the duration of each time step, 
the longer the time step the greater the magnitude of the error produced. The length of 
time step used becomes a compromise between the resulting errors and the increase in 
computational resources required to produce a simulation of useful length when using 
infinitesimally small time steps. There are various algorithms that can be employed to 
address these errors, the one employed by AmberS is the Leapfrog Verlet method21.
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This method minimises the errors caused by the truncation of the Taylor series by 
calculating the acceleration at the end of each step and the velocity at the midpoint.
Thus, if the time step = At and the average velocity over that time step is v then for 
the x co-ordinate:
x(t + At) =  x(t) + vAt
Equation 7
With the assumption that v is almost equal to the velocity at the midpoint of the time 
step (t+ At):
v = v(t + At / 2)
Equation 8
v can now be calculated from the midpoint of the previous interval and the average 
acceleration between t- At and t+ At:
v(t + At/2) = v(t -  At/2) + aAt
Where a is the acceleration at the midpoint of the interval:
Equation 9
a = F/m(x,t)
Equation 10
Substituting equation 9 into equation 7 we get:
x(t + At) =  x(t) + v(t -  At/2) + F/m(x, t)At
Equation 11
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Where the force 011 atom i can be computed directly from the derivative of the 
potential energy V  with respect to the co-ordinates s,
F = -5V/5(X,y>z) at x(t +  At).
Equation 12
In order for the Verlet assumption that both velocity and acceleration are constant 
over a given time step to be met, the smallest scale vibrations must be split into 8-10 
segments. Thus, with bond vibrational frequencies of about 10'14 seconds the time 
step must be 10‘15 seconds.
(ii) Ensembles.
There are various thermodynamic ensembles, that keep various quantities constant, 
which can be employed in MD. The most common of these ensembles are:
a) NVE, sometimes known as the microcanonical ensemble, the number of molecules 
is maintained (N, as is the case for all) as is the volume (V) and energy (E).
b) NPT, or isobaric-isothermal, where the number of molecules, pressure and 
temperature are maintained, considered most useful in this investigation as most 
experimental data are recorded under these conditions.
c) NVT, or canonical, the number, volume and temperature are maintained.
In order to achieve an NPT or NVT ensemble it is required to maintain a constant 
temperature by scaling the kinetic energy of the system.
Initially velocities are assigned randomly from the Maxwell distribution of speeds at a 
given temperature T.
f  (v ,)
m -mv;
e
2nkBT)
Where f(v ) is the distribution of speed v, m  is the mass of the atoms and kB is the 
Boltzman constant. Acceleration is calculated from the forces according to the 
potential used and the new atomic positions are calculated using equation 11, then the 
velocities are calculated using equation 9.
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In order to maintain a constant temperature, for the NPT and NVT ensembles, the 
velocities must be periodically rescaled. Temperature is related to kinetic energy, 
which is calculated from the velocities of the atoms.
=|N k BT
i= l
Where N is the number of degrees of freedom. It is only relevant when the system is 
at equilibrium. Temperature can start to drift as a result of the truncation of the long 
range electrostatic forces this requires velocity scaling, in general:
^ i ( n e w )  ^ i ( o l d )
VT,
'ta rg e t
current
As a consequence of the calculation of atomic positions without reference to the 
atomic velocities the verlet algorithm is reset after each rescaling.
Amber5 utilises the Berendsen coupling algorithm22 to achieve temperature 
rescaling, the following expression describes the factor by which the velocities are 
rescaled:
At o 
J
Tr T
where T0 is the desired temperature, At is the time step and tt is a coupling constant 
or relaxation time (often 0.1-0.4ps). A similar* process can be used to control the 
pressure of the system by rescaling the volume. The implementation of these 
methods means that the system no longer corresponds to one of the classical 
ensembles as the rescaling does not give the target temperature or pressure exactly.
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(iii) Charge Fitting
Charges play an important role in the simulation of molecular interactions. Amber5 
utilises a charge fitting protocol called RESP, the improvement of which has lead to 
the lack of the need to describe hydrogen bonding parameters as separate from the 
other non bonded interactions. The input for RESP can be obtained from molecular 
orbital programs, such as Gausian or GAMES S. GAMES S was used here. The idea is 
to produce a set of point charges, derived from an electrostatic potential grid, that best 
represents the electrostatic potential of the molecule. It is recommended that the basis 
set used for producing the electrostatic potential grid in GAMESS is 6-31G*23. This 
basis set tends to over-polarise the molecule, resulting in the dipole moments being 
10-20% larger than in the gas phase. This is considered to be useful as in most cases 
the molecule will be inserted into a polarising environment. All of the calculations to 
derive charges for this project were single point calculations. No structural re­
arrangement was required as the molecules were to be in constant motion over the 
periods of our simulations (either in the form of different docked conformations or as 
part of a molecular dynamics simulation) and were derived from crystallographic data 
and as such considered to be in a suitably correct conformation.
(iv) Solvation
Depending on what is required from an MD simulation the solvent may or may not 
be modelled explicitly. In vacuo simulations can model the effect of a solvent by 
using fixed dielectric constants (e), the dielectric constant for the inside of a protein 
being around 4 and that of water being around 80. A distance dependent dielectric can 
be employed to account for the reduction in strength of interactions over a long range.
In situations where specific solvent interactions are required to be modelled explicit 
water molecules can be added. There are a number of different water models that can 
be employed, such as SPC24 (Simple Point Charge) and the TIP (Transferable 
Intermolecular Potential) models25, both of which have a fixed geometry. These are 
both three site models i.e. the charges are centred on the three atoms, as opposed to 
the 4 site models that move the charge on the oxygen atom along a bisector of the
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HOH angle. There are also 4 and 5 point models available: to take into account the 
contributions of the lone pairs on the oxygen a 5-site model is required. TIP3P is the 
most commonly used water model for protein simulations as the introduction of extra 
parameters above the 5 point model greatly increases the computational cost and this 
model is thus used where solvation is required in this project.
SPC TIP3P
Charge on O -0.82 (electrons) -0.834
Charge on H 0.41 (electrons) 0.417
Angle HOH 109.42° 104.52°
Distance HO 1 A 0.9572A
Table 2: details of SPC and TIP3P water models
©  ©
Figure 2: SPC water
In Amber5 the water is added to the protein by placing molecules from a file 
containing 216 molecules, which have been equilibrated at atmospheric pressure 
around the protein to a depth requested by the user. The water molecules that are in 
the same place as the protein are then removed. This procedure requires attention to 
be paid to the equilibration process as empty pockets can appear and cause unwanted 
bubbles in the system. Typically, when the solvent is explicitly modelled e is set 
between 1-3.
(v) Constraints and restraints
The inclusion of so many explicitly modelled solvent molecules (often tens of 
thousands) can add significantly to the time taken for a run, even if it is modelled as a 
rigid molecule. Some of this time can be regained by constraining bond distances. 
Generally, the magnitude of the time step is also restricted by the highest frequency 
vibrations of the system, namely bond stretches, thus imposing a limit on the time step 
of lfs (10'15s). Thus, an unconstrained dynamics simulation usually only runs for 
pico-seconds, compared to the milli-seconds required for reactions to take place. Bond
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length constraints can be applied to all the bonds in the system or just to those of 
choice e.g. all bonds involving hydrogen. This is achieved in AmberS using the 
SHAKE algorithm26 and in circumstances where all the bond vibrations are 
constrained the time step can be increased as the higher frequency motions are 
removed. Constraints hold a bond length within certain limits by the use of a force 
constant but do not hold them totally rigid as this can have adverse effects on other 
parameters of the system. There is a procedure in Amber5 called the BELLY option 
which holds portions of the protein fixed: this has not been used for this project and 
thus will not be described here. In a solvated system containing many thousands of 
explicit water molecules the use of these algorithms can greatly increase the possible 
length of run time.
(vi) Boundary conditions
Boundary conditions are not required for in vacuo simulations as there is no need to 
limit the amount of solute molecules. In fact, the presence of boundary conditions in 
such a simulation could add some strange effects caused by the edge of the box. 
However, when modelling water explicitly, it becomes necessary to restrict the total 
size of the system. There are methods available within AmberS that allow the user to 
just cap the region of interest with a pocket of water molecules but if total immersion 
in a solvent is required then periodic boundary conditions are also required. In order 
to reduce the effects of the edge of the box, within which the protein and water reside, 
the box is surrounded by identical images of itself. This allows the molecules at the 
edge of the box to be surrounded by others and maintains the number of atoms in the 
system: as a molecule leaves the box another enters from the other side, where it is 
leaving the corresponding image. Care has to be taken when assigning cut-off 
distances as if this distance is greater than half the box size a molecule could interact 
with itself and one of its’ images. This issue can also be addressed by using a ‘nearest 
neighbours’ method of calculating non-bonded interactions i.e. only calculating 
interactions with the atom or image that is nearest.
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(vii) Simulated Annealing
Large-scale movements, such as ring flips, can take longer to obseive than is 
computationally sensible (Le. calculations can take months) thus a technique called 
simulated annealing can be used. This involves heating the system to a high temperature 
such as 1200K whilst constraining the movement of, for example, the a-carbon atoms 
using a force constant in order to prevent the protein from unfolding, and then cooling 
slowly.
(viii) Equilibration
Preparing the system to produce a meaningful trajectory requires some careful 
equilibration however; there is no clearly defined method. The steps used here are based 
upon the examples provided in the amber user manual, and are as follows:
a) Minimisation: to remove any unfavourable steric interferences;
b) NPT warm up: to slowly heat up the solvent, keeping the solute fixed in order to relax 
the solvent around the solute;
c) NPT equilibration: required to equilibrate the entire system at the correct temperature 
and pressure;
d) Production run.
(ix) Amber5
The program LeAP is a combination of the old preparation programs required to 
produce the files necessary to run the AMBER suite of programmes: the topology file 
(prmtop.xxx) and the co-ordinate file (prmcrd.xxx). LeAP reads in a PDB file and allows 
the user to specify any constraints required, such as certain hydrogen bonds and 
disulphide bridges, and facilitates the input of new parameters for ligand molecules. The 
protein can then be solvated if required and counter ions can be added to balance the 
charge of the system.
The SANDER module was used to run the minimisations and molecular dynamics. 
Output files were converted back to PDB files using PDBGEN and MD trajectories were 
visualised using CHIMERA. Some further analysis was carried out using the Amber5 
module, CARNAL.
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2.7 Docking
Autodock is a suite of programmes designed to dock a flexible ligand into a rigid 
protein model. Although this does not properly represent the dynamic equilibrium that 
characterises the interactions of proteins and small molecules there has been some degree 
of success using this method27’28,29’30’31. Various small programmes are used to prepare 
the protein: polar hydrogens (.pdbq file) and solvation parameters (.pdbqs file) are added. 
The ligand usually contains all hydrogens and the rotatable bonds can be defined. The 
charges used are Kollman charges32 for the protein and Gasteiger33 for the ligand. In this 
project a program called Autodock Tools (ADT) was used to prepare both the ligand and 
the protein. In the instances where different charges were used for the ligand then these 
were added into the .pdbq file by hand.
The binding site is defined by a set of grids corresponding to the interactions of each 
atom type (e.g. O, N, H, and C) with the surface of the protein. The protein is placed in a 
3D grid and the energy of interaction of tills grid with each atom type is assigned to a 
particular grid point by the placement of a probe atom (Figure 3). A grid of electrostatic 
potential is also assigned using a probe of +1 charge. Typical grid spacing is between 0.2 
and 1.0A7
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Grid Spacing /A
k—
Grid Point 
Probe Atom
ny+l
Figure 3: depicting grid spacing (based on a figure from the Autodock manual)
There are two techniques that can be used for the conformational search for the best fit 
of the ligand to the protein: 1) Monte-Carlo simulated annealing, which uses grid based 
molecular affinity potentials and 2) a Lamarckian genetic algorithm.
The Monte-Carlo method, also known as the Metropolis method, performs a random 
walk through the space around the protein, or that assigned by a box defining the area to 
be searched. At each step a small perturbation is applied to each of the degrees of 
freedom of the ligand and a subsequent evaluation of the energy of the complex is 
calculated using an interpolation of the affinity values from the grids mentioned above.
If the energy is lower than the previous step then it is accepted, if the energy is higher 
then it is accepted or discarded based on a probability function:
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f— 1P(AE) = eUoT j
Where Kb is the boltzman constant and AE is the difference in energy from the previous 
evaluation.
The Lamarckian genetic algorithm is apparently more accurate and is the method of 
choice in this study. Lamarckian genetics allows the offspring to inherit some of the 
learned characteristics of the parents, consequently the local searcher, which does not 
require gradient information in order to proceed, is allowed to modify the phenotype, 
which is allowed to update the genotype. The genome comprises floating point genes, 
which describe the position, orientation and conformation of the ligand. This is combined 
with an adaptive global optimiser/search method based on a modified genetic algorithm 
utilising a 2-point crossover and random mutation.
58
Chapter 2: Experimental
2.8 References
1. Biosym Technologies, San Diego.
2. N. Guex and M.C. Peitsch. SWISS-MODEL and the Swiss-PdbViewer: An 
Environment for Comparative Protein Modeling. Electrophoresis, 18, 2714- 
2723 (1997). Available at http://www.expasy.org/spdbv/
3. C.C. Huang, G.S. Couch, E. F. Pettersen, and T. E. Ferrin. Chimera: An Extensible 
Molecular Modelling Application Constructed Using Standard Components.
Pacific Symposium on Biocomputing, 1, 724 (1996). Available at 
http://www.cgl.ucsf.edu/chimera.
4. U. C. Singh, P. K. Weiner, D. A. Pearlman, D. A. Case, G. L. Seibel J. W. Caldwell, 
T. E. Cheatham III, W. S. Ross, C. L. Simmerling, T.A. Darden, K. M.Merz, R. V. 
Stanton, A. L. Cheng, J. J. Vincent, M. Crowley, D.M. Ferguson, R. J.Radmer and 
P. Kollmann (University of California, San Francisco, USA).
5. M. W. Schmidt, K. K. Baldridge, J. A. Boatz, S. T. Elbert, M. S. Gordon, J. J. 
Jensen, S. Koseki, N. Matsunaga, K. A. Nguyen, S. Su, T. L. Windus, M. Dupuis, J. 
A. Montgomery. General Atomic and Molecular Electronic Structure System. 
Journal of Computational Chemistry, 14, 1347-1363 (1993).
6. G.Schaftenaar and J.H. Noordik. Molden: a Pre- and Post-Processing Program for 
Molecular and Electronic Structures. Journal of Computer-Aided Molecular 
Design, 1 4 ,123-134 (2000).
7. G. M. Morris, D. S. Goodsell, R.S. Haliiday, R. Huey, W. E. Hart, R. K. Belew, 
and A. J. Olson. Automated Docking Using a Lamarckian Genetic Algorithm 
and and Empirical Binding Free Energy Function. Journal of Computational 
Chemistry, 19, 1639-1662 (1998)
8. M. F. Sanner. Molecular Graphics Lab (MGL) of the Scripps Research institute.
9. Hypercube, Inc. All Rights Reserved. 1115 NW 4th Street, Gainesville, FL 32601 
USA. http://www.hvDer.com/default.htm (2003).
10. W.R. Taylor and C.A. Oregno. Protein Structure Alignment. Journal of Molecular 
Biology, 208,1-22 (1989).
59
Chapter 2: Experimental
11. A,R. Leach. Molecular Modelling: Principles and Applications. Longman. 466-469
(1996).
12. S.F. Altschul. Fundamentals of Database Searching. Trends Guide to 
Bioinformatics Suplement (1998).
13. B. Rost, C. Sander. Prediction of Protein Structure at Better Than 70% Accuracy. 
Journal of Molecular Biology, 232, 584-599 (1993).
14. M.C. Peitsch. ProMod and Swiss-Model: Internet-Based Tools for Automated 
Comparative Protein Modelling: Biochemical Society Transactions, 24* 274-279
(1996).
15. http://www.expasy.ch/swissmod/SMJLikelyPrecision.html#Figl
16. N. Guex and M.C. Peitsch. SWISS-MODEL and the Swiss-PdbViewer: An 
Environment for Comparative Protein Modelling. Electrophoresis, 18, 2714-2723
(1997).
17. S.J. Weiner, P.A. Kollman, D.A. Chase, U. Chandra Singh, C. Ghio, G. Alagona, S. 
Profeta Jr and P. Weiner. A New Force Field for Molecular Mechanical Simulation of 
Nucleic Acids and Proteins. Journal of the American Chemical Society, 106, 765-784 
(1984).
18. W. D. Cornell, P. Cieplak. C.I. Bayly, I. R. Golud, K. M. Merz, D. M. Furguson,
D. C. Spellmeyer, T. Fox, J. W. Caldwell and P. A. Kollman. A 2nd Generation 
Force-Field for the Simulation of Proteins, Nucleic Acids and Organic-Molecules. 
Journal of the American Chemical Society, 117, 5179-5197 (1995).
19. Biosym Technologies, San Diego. Discover User Guide. Version 2.1.0. (1993).
20. F. Jensen. Introduction to Computational Chemistry. Wiley. 316-318 (1999).
21. J. Verlet. Computer "experiments" on classical fluids: I. Thermodynamical 
properties of Lennard-Jones molecules. Physics Review, 159,98-103 (1967).
22. H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren, A. DiNola, and J. R. 
Haak. Molecular Dynamics with Coupling to an External Bath. Journal of 
Chemical Physics, 81, 3684-3690 (1984).
23. M.S.Gordon. The Isomers of Silacyclopropane. Chemical Physics Letters, 76, 163- 
168 (1980).
60
Chapter 2: Experimental
24. H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren, and J. Hermans. 
Interaction Models for Water in Relation to Protein Hydration. Intermolecular 
Forces. B. Pullman, Editor. Reidel, Dordrecht, The Netherlands, 331-342 (1981).
25. W. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey and M. L. Klein. 
Comparison of Simple Potential Functions for Simulating Liquid Water. Journal of 
Chemical Physics, 79, 926-935 (1983).
26. W. F. VanGunsteren and H. J. C. Berendsen. Algorithms for macromolecular 
dynamics and constraint dynamics Molecular Physics, 34, 1311 (1977).
27. D. S. Goodsell, G. M. Morris and A. J. Olson. Docking of Flexible Ligands: 
Applications of AutoDock Journal of Moecular Recognition, 9, 1-5 (1996).
28. M. Mahmoudian, The cannabinoid receptor: Computer-aided molecular modeling 
and docking of ligand Journal of Molecular Graphics & Modelling, 15, 149-153 
(1997).
29. P. J.Tummino, D. Ferguson, C. M. Jacobs, B. Tait, L. Hupe, E. Lunney and D. 
Hupe. Competitive Inhibition of HIV-1 Protease by Biphenyl Carboxylic Acids. 
Archives of Biochemistry and Biophysics, 316, 523-528 (1995).
30. B.L. Stoddard and D.E. Koshland Jr. Prediction of a Receptor Protein Complex 
Using a Binary Docking Method. Nature, 358, 774-776 (1992).
31. C. J. Jeffery and D. E. Koshland, Jr. Three-Dimensional Structural Model of the 
Serine Receptor Ligand Binding Domain. Protein Science, 2, 559-566 (1993).
32. P. A Kollman, B. H. Besler and K. A. Merz. Atomic Charges Derived from Semi- 
empirical Methods. Journal of Computational Chemistry, 11, 431-439 (1990).
33. J. Gasteiger and M. Marsili. Iterative Partial Equalization of Orbital 
Electronegativity-a Rapid Access to Atomic Charges. Tetrahedron, 36, 3219-3228 
(1980).
61
3 Influence of Sequence Variability and Dimerisation on Mannose 
binding in Aloe Lectin - P art I Docking Studies
3.1 Introduction - The Binding sites
The aloe lectin (monomer) model was built previously1. In each of the three binding 
sites of the available crystal structures of MMB lectins (snowdrop 1 (ljpc.pdb), garlic 
(lbwu.pdb), snowdrop2 (lmsa.pdb) and daffodil (Inpl.pdb))1 the residues Asn, Asp, 
Gin and Tyr, which form hydrogen bonds to the ligand, and are considered to be 
prerequisites for binding, are identical. Indeed mannose ligands are identified in all the 
binding sites of the crystallised proteins. A noteworthy point is that both snowdrop and 
daffodil lectin are present in the Protein Data Bank (PDB) as monomers with ligands 
identified in all three binding sites. These ligands are oligosaccharides but hydrogen 
bonds occur to only the terminal mannose ring, the rings of the other mannoses 
becoming involved in binding only when dimers associate to form tetramers and 
extended binding modes come into play.
The binding mode of each of the main carbohydrate binding regions is identical for all 
of the structures examined. The structures examined here all originated in the PDB and 
have been energy minimised using the same protocol as used to minimise the aloe 
model1, these energy minimised structures are referred to as snowdrop 1, snowdrop2, 
garlic, daffodil and aloe. An alternative model of the aloe lectin monomer and dimer 
was also created using the Swiss-Model automated modelling server, using lmsa.pdb as 
a template, and was also minimised in the same fashion and will be referred to as 
swissaloel.
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3.2 Garic Lectin Docking- Primary Binding Sites.
Firstly, AutoDoek was validated for this type of system by performing dockings to 
each of the binding sites of the minimised garlic lectin monomer with methyl-a-D- 
mannose which is found in the crystal structure lbwu.pdb. The mannose was initially 
placed in the binding site and AutoDoek was used to produce a final docked 
conformation. This proved successful for sites I and II, where hydrogen bonds are 
generally formed with all four of the residues thought to be directly involved with 
mannose binding in MMB lectins (Table 1). However, hydrogen bonds are not always 
present between all four residues with each individual mannose conformation, and each 
residue can form hydrogen bonds with a number of different atoms of the mannose, 
depending on slight changes in the orientation of the docked ligand.
Mannose group
garlic sitel 
(residue:A)
garlic sitell 
(residue:A)
02 H Asn30: 2.01 H Asn30: 2.11
02H O Gln26: 2.05 0  Gln26: 2.08
O Asp28: 2.71 -
03 H Gln26: 2.23 H Gln26: 2.18
03H O Gln26: 1.85 0  Gln26: 1.89
04 - -
04H O Tyr34: 1.83 O Tyi'34: 1.80
06 H Ser39: 2.48 H Ser39: 2.49
06H - -
Final Docked 
Energy kJ/mol
-16.86 -17.07
Table 1: hydrogen bonds to the lowest energy docked conformation of mannose in 
sites land I I  Green text indicates residues that are not part of the four residues thought 
to be the key to mannose binding in MMB lectins.
The distance between Asp28 and the 2-OH of mannose is generally slightly greater 
than the other hydrogen bonding distances observed, at around 2.1k. In the crystal 
structures this interaction is also seen to be longer than those with other residues.
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From an analysis of the models, the crystal structures and the docking studies 
examined here, the hydrophobic interaction with Val seems to be from C4-C5 of the 
mannose, although this interaction cannot be quantified in these docking studies. Both 
the hydrophobic patch on the mannose and the axial 2-OH are considered to be crucial 
parts of the recognition of mannose in MMB lectins, in common with other mannose 
binding lectins2. Occasionally, a docked conformation is observed the ‘wrong’ way up, 
using the axial 1-OH to dip into the cleft between Gin, Asp and Asn. The final docking 
energy is seen to be around 50% lower in these cases.
Figure 1: The cluster o f  docked conformations o f mannose docked to binding site I with 
the x-ray determined mannose position shown in orange. The docked conformations and 
the key binding residues are coloured by atom (white= carbon, blue=nitrogen, 
red=oxygen) and labelled. The residues in blue form the contouring ridge (discussed 
later) and the hydrophobic Val32 is shown in yellow.
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B-factors have been examined as a means of quantifying the comparison between 
these docked conformations and the x-ray structure. B-factors accompany 
crystallographic data and are alternatively known as ‘temperature factors’, or more 
recently ‘thermal displacement factors’ (TDF). These are a measure of how much the 
atom moves in the crystal relative to the position described by the final structure co-
9 * 7 ■ordinates, the average value is usually in the range of 20-30A with 80A considered to 
be an upper limit for any individual atom. Backbone atoms typically have the lowest B- 
factors at 10-30A, side chain atoms 15-30A and finally solvent and ligand atoms can be 
25-45A23.
A value for U (variance) can be calculated from the equation:
B=8m2U
where B is the TDF and U is variance. For a B-factor of approximately 35 (mid range 
for solvent or ligand atoms) the error bar on placement of atoms should be 0.67A. The 
B-factors for the mannose ligands in lbwu.pdb (garlic lectin) range from 15 to 78, thus 
in some cases the variance associated with the possible positions of the atoms is close to 
the top limit of acceptability for x-ray data. B-factors and calculated U-values for one of 
the mannose ligands bound to the garlic dimer are shown in Table 2, they are all of a 
magnitude consistent with that expected for ligand atoms.
The variance of the atomic positions of the docked conformations of mannose from 
those determined crystallographically can be calculated using the equation:
U =  ( x -  x)2
where x is the average co-ordinate and x is the x-ray determined co-ordinate.
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Atom
Garlic x-ray data
U (A2)
Garlic docking
U (A2) from x-ray
U (A2) from 
average docked
Cl 0.53 1.24 4.12
C2 0.52 1.15 4.21
C3 0.51 0.38 3.74
C4 0.51 0.38 3.86
C5 0.52 1.74 3.49
C6 0.54 4.47 3.74
01 0.53 3.88 4.44
02 0.49 2.33 5.79
03 0.53 1.05 5.08
04 0.47 1.02 5.17
05 0.53 1.11 4.89
06 0.55 7.09 5.73
Average 0.52 2.15 4.52
Table 2: calculated average U  values for the x, y, and z co-ordinates for 
mannose bound to site I  for the x-ray data (calculatedfrom B-factors from 
llgl -  a recent re- analysis of the x-ray data usedfor Ibwu at 2.2A) and the 
U of the docked structures from the x-ray data andfrom the average docked
co-ordinates.
In some cases the calculated U values for the dockings are markedly higher than those 
of the corresponding crystal structure. The docking is representing a more flexible 
situation as it symbolises a mobile aqueous environment, resulting in different docked 
conformations. The crystal structure U values represent the degree of uncertainty in the 
atomic positions due to movements within the ciystal over time. The mannose 06 and 
C6 demonstrate a wider range of movement as they are appended to the sugar ring and, 
protruding from the binding site, are less restrained; certainly in the docking simulations 
these atoms are particularly mobile. The axial 01 also stands proud of the mannose ring, 
away from the protein, and is also seen to vary more in position during the docking 
simulations.
The average displacement value of 1.34A indicates quite a small range of different 
docked structures when considering lengths of the hydrogen bonding interactions
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(maximum around 2.5 A), the extent of this displacement is also shown in Figure 2. 
These data are representative of the binding behaviour of the remaining five mannose 
binding sites on the garlic lectin dimer. These binding sites are well documented in the 
literature and are identical in all of the lectin crystal structures examined here, thus the 
dockings are considered to be successful and this docking procedure validated for this 
system.
Figure 2: Crystallographic mannose shown as electrostatic potential mapped onto a 
surface with the docked conformations represented in stick form. A few o f the 
conformations can be seen sticking out o f the surface. This is a consequence o f  the 
largest displacements observed along the z axis. The bulk o f the models remain in the 
same space that the crystal structure suggests the mannose to occupy.
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Docking to Site III of the garlic lectin monomer, consisting of Gln90, Asp92, Asn94 
and Tyr98, was unsuccessful i.e. a clustering of mannose conformations was not 
observed in the vicinity of the key binding residues. Examination of the site reveals that 
site III is different in shape to sites I and II as there is a contouring edge missing (Figure
3).
Figure 3: From the crystal structure lbwu.pdb, chain A, site I on the left and site III 
on the right. The area o f structure missing from site III is shown by the green circles.
Mannose is shown in both sites in spacefilled representation, although in this 
configuration mannose does not dock to site III.
This is a vital piece of protein sequence (for sequence alignment see Chapter 2, Figure 
5) required to provide structure to the shallow binding pocket, similar to the role of loop 
D in leguminous lectins4,5. In sites I and II this sequence occurs directly after the site 
and folds back to form the fourth strand of the (3-sheet, in site III this sequence is absent 
and even though the key residues for binding are present the docking studies produce no 
clustering of ligands in the binding area, docking does not occur.
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The sequence of this supporting region is not as highly conserved throughout this 
family as the binding sites and does not contain any specific residues that have 
previously been considered to be prerequisites for binding. However, hydrogen bonds 
with Ser39 and Asn44 are observed (site I) and there is an invariant Trp residue that is 
oriented towards the centre of the monomer, away from the binding site (Figure 4). The 
appearance of some of the crystal structures in the PDB as monomers can be misleading
• 6 7as the crystals from which they are derived contained dimers and tetramers ’ .
Binding site III becomes complete when two monomers associate to form dimers. The 
C-terminal tails of each dimer connect via hydrogen bonds and provide site III of each 
monomer with the fourth strand of the (3-sheet, that vital contouring edge, and contribute 
the invariant Tyr residue to the structure, oriented into the centre of the P-barrel, thus 
completing the symmetry of the molecule. Docking to site III of the garlic dimer was 
successful with orientations of the mannose and hydrogen bonds observed to be 
consistent with the results of binding to sites I and II (Figure 5).
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103 from second monomer
Figure 4: Shows the invariant Trp residues, which are oriented towards the centre of 
the monomer coloured by atom. Monomer 1 (shown in blue) provides Trp41 and Trp73 
and monomer 2 (shown in orange) completes sitelll and provides Trp 103). The sites are
indicated by the presence of mannose.
Figure 5: Mannose docked to site I I I  of the garlic lectin dimer. The residues key to 
binding mannose can be seen in purple and the contouring edge of the binding pocket 
supplied by the other monomer can be seen in green. Mannose is coloured by atom 
(red=oxygen, white =carbon) with hydrogen bonds displayed as green dashed lines.
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The mechanism of the association of monomers to form dimers has been examined 
previously8, the increased affinity of oligomers for carbohydrates6 and the effect of 
oligomerisation on saccharide specificity2 has also been noted. However, the necessity 
for the association of two monomers for the completion of binding site III, which is a 
requirement for successful binding, and the specific structural orientations achieved by 
this have not been explored; the monomer is always considered to have at least the 
possibility of three active binding sites. The reasons for this seem to be that in the 
lectins which have been subjected to docking studies, site III is often rendered inactive 
by steric hindrances or other alterations in the binding site9,10. These studies use a rigid 
docking method, Le. the ligand is placed in the site and energy calculations are made. 
As the ligands in this study are flexible and mobile no clustering of docked 
conformations is observed, indicating a lack of effective binding capability of this site.
The absence of binding capability in site III of MMB lectin monomers was further 
substantiated by attempting to dock mannose to the snowdrop 1 and daffodil lectin 
structures, whose crystal structures appear in the PDB as monomers with ligands in all 
three sites. In both monomers, docking to sites I and II was successful, but docking 
mannose to site III failed to produce a cluster of docked conformations. In fact, not one 
of the conformations resembles the configuration of a correct docking.
The same ligand was successfully docked to site III of minimised garlic and 
snowdrop2 dimers, with all ten of the mannose ligands clustered together. From this 
result it seems evident that this site is only active when completed by the association of 
two monomers to form a dimer.
3.3. Aloe Docking -  Primary Binding Sites.
Docking was then carried out to the two minimised aloe models, aloe and swissaloel. 
The sequence of site I in the aloe lectin has no alterations to the main residues involved 
in binding and a root mean squared deviation (rmsd) of the Ca atoms of less than IA 
from the other minimised lectin structures1 (Figure 6) and successfully docks mannose 
(Figure 7).
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Asn30
Figure 6: Binding site I. The similarity of the binding sites in all five models can be 
appreciated, yellow = snow drop, blue=garlic, green=daffodil, purple=aloe and 
orange =swissaloe 1. The largest variation in conformation occurs in Asp28,
Figure 7: Swissaloel site I spacefilled. Contouring edge in green, hydrogen bonding 
residues in purple, hydrophobic Val in yellow, mannose in stick format and hydrogen
bonds shown as green dashed lines.
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Hydrogen bonds are observed for the docking of mannose to aloe in a similar pattern 
to that for the garlic and snowdrop docking (Table 3). The swissaloel docking results 
are similar, although there is not a bond between the 2-OH and Asp28. In this model, 
Asp28 is orientated in such a way that it is not involved in binding at all and yet 
docking is still successful.
Mannose
group
garlic sitel 
(residueiA)
Snowdrop 1 site I 
(residueiA)
Aloe sitel 
(residueiA)
Swissaloel site I 
(residueiA)
02 H Asn30: 2.01 H Asn30: 1.86 H Asn30: 2.02 -
02H 0  Gln26: 2.05 
O Asn28: 2.71
0  Gln26: 1.95 
O Asn28: 2.73
0  Gln26: 2.18 
0  Asn28: 2.78
03r H Gln26: 2.23 H Gln26: 2.33 H Gln26: 2.04 H Gln26: 2.46
03H O Gln26: 1.85 0  Tyr30: 1.72 0  Gln26: 2.16 O Tyr34: 1.94
0 4 - - H Asn 30: 2.03 H Asn 30: 2.39
04ft OTyi-34: 1.83 - 0  Tyr34: 2.04 -
051 H Asn30: 2.33
06 H Ser39: 2.48 - H Ser39: 2.08
06ft - 0  Asn44:2.04 0  Asn44: 1.76 O Asn44: 2.16
Ring O H Asn 30: 2.09
Final
Docked
Energy
(kJ/mol)
-16.86 -15.40 -20.04 -9.87
Table 3: Hydrogen bond distances in A, for the residues key to binding mannose for 
garlic, snowdrop and both aloe models. Text in green indicates residues from the 
contouring edge of the binding site. The lowest final docked energy is also shown.
The absence of a hydrogen bond to Asp28 in the swissaloel docked conformations 
indicates that either, three out of the four residues are sufficient for binding (indeed 
many of the docked conformations have hydrogen bonds to only three residues) or 
Asp28 is not a requirement for mannose binding to occur. It is possible that an alteration 
in this residue that did not introduce steric, or other, interference would not necessarily 
render site I unable to bind mannose, although prior indications are that any changes in 
key residues preclude binding.
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Asp28 in Site I of swissaloel is closer to the snowdrop template, lmsa.pdb, and as 
such has hydrogen binding characteristics, to the mannose, similar to the snowdrop 
lectin-mannose complex. The orientation of Gln26 in site I of swissaloel and lmsa.pdb 
is such that there is a rotation in the end of the sidechain resulting in oxygen and 
nitrogen being transposed, compared to site I of the other lectin models. This is not so 
for site I of aloe or the other structures examined here, but this variation is observed in 
many of the other sites and does not seem to affect the binding capability. The protein 
and the mannose will be in constant motion and it is likely that hydrogen bond contacts 
are continuously being broken and reformed.
It should be noted that the reduced number of hydrogen bonds in the swissaloel - 
mannose interaction has increased the final docked energy quite significantly, giving 
swissaloel a binding energy half that of aloe, with garlic and snowdrop 1 falling in 
between. These two models offer an interesting look at two different possible 
conformations of the same protein i.e. different local minima on the potential energy 
surface. These differences in final docked energy can be thought of as normal 
fluctuations in the binding capability of these proteins.
Site II was not found to bind mannose in either aloe model during these simulations. 
The replacement of Tyr66 with Gln65 (Figure 8), although retaining the possibility of a 
hydrogen bond, does not reach far enough into the binding area. Also the replacement of 
Ala75 with Gln74 within the supporting region of aloe sterically hinders the positioning 
of mannose in the binding area making binding impossible. Swissaloel has no such 
clash but binding still does not occur. It would seem that Tyr is a vital residue for 
binding.
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Site II
Snowdrop QTDGNLVVY 
Aloe QTDGNLVVQ
D affodil QSDGNLVVY 
G a rlic  OSDGNFVVY
Site III
Snowdrop QKDRNVVIY 
Aloe QKNGNVVIV
D affodil QKDRNVVIY 
G a rlic  OEDGNVVIY
Figure 8: Sites II and III for Snowdrop, aloedaffodil and garlic lectin. Key residues 
for binding shown in redThose residues altered in aloe lectin are underlined. These 
alterations render these sites unable to dock mannose.
Site III also does not bind mannose in either model of the aloe monomer. The 
important residues for binding are altered quite considerably. The residue alterations 
are: a conservative replacement of Asp with Asn, which is similar in shape and retains 
the ability to form a hydrogen bond and the Tyr replaced with the hydrophobic residue 
Val (Figure 8), which is a large alteration in shape and size and removes a vital 
hydrogen bond donor. More importantly, docking cannot occur to the monomer as a 
consequence of the lack of a second monomer to provide the fourth strand of the p-sheet 
and the support for the back edge of the site, as was found to be the case with the garlic, 
snowdrop and daffodil monomers.
An aloe dimer model (swissaloe2) was built using the Swiss-Model server and 
snowdrop lectin dimer lmsa.pdb as a template (this has the same sequence as ljpc.pdb 
but the crystal has a dimer present) and minimised using the same protocol as for the 
other structures examined here. Firstly, the implication that aloe lectin monomers are 
able to associate to form dimers, as implied by the information relating to the sequence 
determination and the propensity of this family of proteins to do so, can be investigated 
and secondly the activity of a complete site III can be assessed. Each monomer in the 
new model is the same as a swissaloel monomer.
Docking to site III was unsuccessful in the aloe dimer also despite the presence of the 
contouring edge of the site, the alterations in the key residues are too severe for binding 
to occur (Figure 8).
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3.3.Docking to Secondary Binding Sites
Docking was also carried out to both garlic and aloe lectin monomers with a box size 
that encompasses the entire protein, collecting 100 final conformations (Figure 9). As 
well as mannose clustered in the binding sites various other clusters are seen on the 
exterior of the protein. All of the conformations are energetically similar to each other 
and to the primary binding sites, with final docked energies of generally around 10 
kJ/mol; thus at the low end of the scale observed for the primary binding sites.
Figure 9: Six distinct clusters of mannose can be seen attached to the exterior of the 
protein in areas distinct from the one remaining functional binding site in aloe lectin.
The residues, which constitute binding site I  are shown in orange.
Both studies revealed several clusters of docked conformations over the surface of the 
protein models. This indicates that aloe has the same ‘sticky’ exterior as garlic and 
daffodil lectin, with areas other than the main recognised binding sites being attractive 
to carbohydrates. The existence of these areas hint at a propensity to form extended 
carbohydrate binding sites, which it seems likely augment the binding capability of each
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monomer beyond that of a single isolated binding site, which is consistent with other 
lectins of this family11. In general, lectins have been observed to have an affinity for 
monosaccharides several orders of magnitude lower than more complex, branched, 
carbohydrates12, which has been explained by the existence of additional binding 
subsites4’13 assisting in binding and selectivity.
3.4 Conclusions
Lectins are carbohydrate-binding proteins that exhibit a high degree of sequence 
identity and homology within a family. Characteristic folds are observed for each family 
group and binding sites are often highly conserved; any alterations in key residues 
directly involved in binding often resulting in loss of ability to interact with 
carbohydrates. All lectins show a propensity to form (3-sheets as the predominant 
secondary structural motif, associate to form dimers and tetramers and utilise extended 
binding sites to facilitate the binding of complex arrays of carbohydrates.
The association of monomers of MMB lectins to form dimers has been shown to not 
only to bring together multiple binding sites but also to be absolutely necessary for the 
mannose binding capability of site III. This study shows that this site does not dock 
mannose in the monomeric form, even if the four residues thought to be key to binding 
remain intact. This dimeric union completes the symmetry of the individual units in a 
way that facilitates complete functionality, with bonds connecting the two monomers 
that are as strong as those holding the globular structure of the protein in place. These 
studies suggest that the inclusion of the C-terminal strand of one monomer into the (3- 
sheet of the second monomer is in fact completely necessary for the functionality of site
III. This idea is supported by data that suggests that binding affinity is not additive14 i.e. 
a dimer with six active binding sites has far greater than double the affinity for mannose 
than a monomer, which appears to posses three active sites. This non-additive behaviour 
can be explained by the activation of site III by dimerisation i.e. dimerisation brings 
together two monomers with two active binding sites each to yield six active sites.
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The aloe models constructed show that this lectin is likely to retain the overall fold of 
a MMB lectin in monomeric and dimeric forms, and suggest that one of the three 
binding sites will remain active, as it is identical to all others observed in this study. 
Successful docking of mannose to site I in this study supports this.
The highly conserved site I of aloe lectin binds mannose successfully but site II, with 
one alteration does not bind mannose in the docking simulations, although retaining the 
possibility of a hydrogen bond with the replaced residue. Site III experiences further 
changes that remove the possibility of a hydrogen bond from the fourth residue involved 
in binding and make it less likely to retain any affinity for mannose. Even when site III 
is completed by dimerisation docking is unsuccessful.
Previous modelling studies have suggested that it is not uncommon for MMB lectins 
to have one or more of the carbohydrate binding domains inactive8,15 and as such aloe is 
not unusual in this. Furthermore, ‘sticky’ patches are observed on the aloe lectin 
exterior which are thought to indicate similar extended binding site capabilities to the 
garlic and daffodil lectin.
Sequence data and further modelling suggest that aloe lectin monomers are able to 
associate as dimers, as is the norm for the rest of this family, and that site III is also 
incapable of binding mannose in the dimeric form. From the literature it also seems 
likely that changes in the key residues of the binding sites, especially non-conservative
o ir c
ones, will render these carbohydrate binding sites inactive * . The present Docking 
studies indicate that, indeed, the loss of key residues does remove binding capability 
from the altered sites.
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4 Influence of Sequence Variability and Dimerisation on Mannose 
binding in Aloe Lectin — P art II Molecular Dynamics
4.1. Introduction
Molecular dynamics was carried out on the garlic and aloe dimers, with mannose 
docked in place. This was undertaken for two purposes: to observe the stability of the 
dimer models as dimers and also, to observe the behaviour of the ligand in the binding 
area. The first study was undertaken because no x-ray structure exists for aloe lectin but 
there is evidence to suggest that dimeric association will occur; the evidence is based 
upon sequence data and comparisons with other members of the MMB lectin family and 
data regarding the mass of the protein ascertained during the derivation of the sequence. 
Also, Aloe Arborescens, the plant from which this protein sequence was obtained, is not 
closely related to plants from which other MMB lectin (otherwise known as flower bulb 
lectin) structures have been elucidated. The garlic model is assessed as a control in 
order to see how a member of this family that we know to exist in dimeric form behaves 
under the same conditions.
4.2. M olecular Dynamics
The lectin models were prepared using xLEAP, a relatively new addition to the 
AMBER toolkit which has replaced the separate modules of PREP, LINK, EDIT and 
PARM. The latter were previously used to prepare input files for molecular dynamics 
(MD). The two His residues present in the garlic lectin and three in aloe lectin are all 
situated in loop regions, away from the ligand binding areas and also away from the 
areas of dimeric association. They are exposed to the solvent and thus were considered 
to be fully protonated. The disulphide bridge in each monomer (between Cys29 and 
Cys52 in the garlic lectin) was taken into account and the system solvated with explicit 
water molecules, described using the TIP3P method, using xLEAP.
The MD system constituted the lectin dimer contained in a water-filled rectangular 
box (approximately 90 x 60 x 62 A3), containing 8823 water molecules for garlic
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(Figure 1) and 7772 for aloe. The whole system was then minimised for 200 cycles 
holding the solute fixed. The aim of this minimisation was not to find a particular 
energy minima but rather to relax any undesirable contacts prior to the MD run. The 
first 10 cycles used steepest descent and the remaining 180 cycles were conjugate 
gradient. The final energy was -1.85x10()4kJ/mol for the garlic system and -  
1.63xl004kJ/mol for the aloe system. Subsequently a short (0.5ps, 500 steps) warm up 
MD was carried out, using the NPT ensemble, also holding the solute fixed. The 
purpose of this step was to relax the solvent around the protein and prevent voids from 
forming in the solvent that might affect the subsequent simulation. The system was then 
equilibrated at 298K for 2000 steps, allowing both the solvent and solute to move, prior 
to carrying out the MD production run for 250ps using an NPT ensemble. All of these 
steps were carried out using the SHAKE algorithm to constrain the covalent bonds to 
hydrogen atoms. Full details of the input flags and run output information for the final 
MD simulations may be found in Appendix I.
Figure 1: Garlic dimer in a water box. Sides shaded to give approximate idea of box
dimensions
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Figures 2a to 2e show respectively plots of total density, pressure, energy, volume, and 
temperature over the 25 Ops MD run after minimisation warm up and equilibration. 
Figure 2a: Density vs T im e (ps)
Figure 2b: Pressure vs T im e
Time (ps)
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Figure 2c: To ta l Energy vs T im e
Time (ps)
Figure 2d: Volum e vx time
Time (ps)
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Figure 2e: Tem perature vs Tim e
Time (ps)
From the above figures it can be seen that the temperature, density and pressure were 
equilibrated fully after the procedure described. However, volume, density and total 
energy continued to drop for approximately 10-20ps, and therefore in any analysis of 
the MD trajectory the first point (25ps) was discarded. The corresponding plots are 
available for the aloe lectin MD run, and these describe a similar* pattern. Consequently, 
in the interests of brevity, these are not shown here and the garlic lectin MD run is 
considered to be representative.
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The radius of gyration of the protein after MD was calculated and shows that there is 
no noticeable expansion of the protein and that the pressure inside the box is acceptable. 
There is a slight ‘breathing’ motion, but this falls within acceptable parameters. (Table 1 
and Figure 3).
Radius o f G yration  (A)
Tim e 
period (ps) G a rlic Aloe
1 50 19.24245 19.42463
2 75 19.23584 19.09442
3 100 19.29230 19.20084
4 125 19.46396 19.33636
5 150 19.52944 19.43122
6175 19.40704 19.37350
7 200 19.53657 19.35724
8 225 19.42220 19.29192
9 250 19.34707 19.17979
Table 1: Radius of gyration, in angstroms, for the aloe and garlic 
dimers taken at ten intervals over the period of the 250ps M D  
simulations (thus every 25ps excluding the first).
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B-factors have been calculated for the garlic and dimers over the MD trajectory  
(Figure 3).
Aloe M B  B -factors
residue num ber
Figure 3: Top, B-factors fi'om the garlic lectin crystal structure (orange) and 
calculated from the M D (green - calculated from the average variance from the average 
M D structure). Bottom, B-factors calculatedfrom the aloe M D run (calculated from the 
average variance fi'om the average M D structure).
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The B-factors can be seen to be of a similar magnitude for each MD simulation, i.e. 
garlic and aloe, although garlic monomer 1 (residues 1-108) shows smaller B-factors 
over the period of the MD. The areas that show the highest B-factors are the loop 
regions of the protein which also have the lowest occurrences of (3-sheet. In fact the aloe 
dimer shows a greater distinction between areas of sheet and loop than does the garlic 
dimer, and a more balanced distribution over the entire length of the protein sequence. 
This difference in flexibility between the garlic dimers may result from the small 
differences between the sequences of each monomer, whereas aloe lectin is a homo­
dimer and thus exhibits similar levels of motion for both dimers.
Figure 4 shows Ramachandran plots for both dimers before and after MD. 
Ramachandran plots depict the torsion angles, phi and psi, of the protein backbone. 
Certain areas of the plot (inside the yellow lines) represent allowed conformations of the 
protein, corresponding to areas of helices or sheet: the other areas represent disallowed 
conformations.
In the plots for the garlic models it can be seen that there are a few residues in the 
disallowed region. In the crystal structure, from the p-sheet areas of the model, His36, 
Seri00 (chain A) and Asn6, His36 and Seri 00 (chain B) are in the disallowed region. In 
the post MD model only His36 (chains A and B) remain in the disallowed region. For 
the aloe lectin the residue Ser36 is in the disallowed region both before and after MD. 
These plots indicate that the MD simulation did not introduce any disallowed 
conformations into the models and is a further indication that the protein is stable in this 
conformation i.e. as a dimer over the time period simulated.
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Figure 4: Ramachandran plots for (a) garlic lectin crystal structure, (b) garlic lectin after 
25Ops MD, (c) aloe lectin dimer model and (d) aloe lectin dimer after 25Ops MD. The residues 
from areas of [3-sheet that are in disallowed areas are indicated with arrows. Disallowed 
regions are outside the yellow lines, most favoured areas are inside the blue lines.
Phi (degrees)
Phi (degrees)
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The percentage of the models that constitute the P-sheet regions has also been calculated 
(Table 2).
Chain
Before MD After MD
Residues in P-sheet % Residues in p-sheet %
Garlic chain A 63/106 59 64/106 60
Garlic chain B 69/109 63 63/109 58
Aloe chain A 55/109 51 57/109 52
Aloe chain B 68/109 62 67/109 61
Table 2: The number of residues in each chain that contribute to areas of(3-sheet and
the percentage of (3-sheet
The apparent loss of p-sheet in garlic chain B after MD is due to the loss of P-sheet 
structure at the N-terminus of this chain, consisting of eight residues, which is not 
apparent in the other garlic monomer. The aloe lectin dimer model retains its quantity of 
P-sheet thr oughout the MD run.
It can be seen from Figure 5 that the interface between the two aloe monomers 
involves hydrophobic residues, in contrast to garlic lectin, Figure 6, which has a larger 
number of hydrophilic residues.
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Figure 5: Aloe dimer prior to MD. The grey residues are hydrophobic, blue = positive, 
and yellow=hydrophilic, hydrogen bonds shown by green dashed lines.
Figure 6: garlic dimer association coloured by type. Hydrophobic residues are grey, 
blue = positive, red=negative and yellow=hydrophilic, hydrogen bonds shown by green
dashed lines.
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The association of the two dimers involves a sharing of the C-terminus of each 
monomer, forming a p-sheet. The hydrogen bonds observed between these two aloe 
monomers are listed in Table 3; these remain unaltered after 250ps of MD (Figure 7), a 
further indication that aloe lectin monomers associate to form dimers. The hydrophobic 
nature of the dimeric connection in the aloe lectin is not considered to be significant as 
the union is completed in the same manner as garlic lectin and snowdrop lectin, which 
do not exhibit such a hydrophobic nature.
Dimer I Dimer II
Thr 105 (N), Gly 104 (N), Thr 103 (0) Asn 94 (N)
Thr 103 (O) and (N) Val 95 (O)
Trp 102 (O) He 97 (N)
Tip 102 (N), lie 101 (N) He 97 (O)
Pro 99 (N) Gly 99 (N)
Gly 98 (O) Pro 100 (N)
lie 96 (O) He 102 (N) and Trpl03 (N)
Val 94 (O) Thr 105 (N)
Asn 92, Val 93 (N) and (O) Thr 105 (O)
Val 93 (O) Thr 105 (N)
Asn 92 Gin 106 (N)
Table 3: The hydrogen bonds formed between the two C-terminal strands of the aloe 
lectin monomers as they form a dimer.
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Figure 7: the C-terminus link of the two aloe monomers after 250ps MD, hydrogen 
bonds shown by green dashed lines, the integrity of this dimeric interface is maintained.
After 250ps MD the garlic dimer (Figures 8 a and b) has an rmsd of 0.85A from the 
original structure. Furthermore it can be seen that the characteristic P-sheet structure, 
described as a twelve-stranded p-barrel in the shape of a triangular prism6, is 
maintained. This finding, and all of the previous structural investigations indicate that 
the MD simulations have not introduced any large systematic errors and that the garlic 
dimer is stable in an aqueous environment, which is consistent with empirical 
observations.
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Figure 8a: Garlic dimer before (blue) and after (orange) MD at 298K for 250ps, 
represented as solid ribbons
Figure 8b : Picture of mannose docked to Garlic lectin before (blue) and after (orange) 
M D at 298K for 250ps, mannose as spacefilled representation.
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Figure 9a: Aloe dimer before (green) and after (purple) MD at 298K for 250ps,
represented as solid ribbons
Figure 9b: Picture of mannose docked to Garlic lectin before (green) and after (purple) MD  
at 298K for 250ps, mannose as spacefilled representation
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The aloe dimer maintained structure and contacts over the period of the MD (Figure 9a 
and b), fitting over the initial structure with an rmsd of 0.90A, which is of a similar 
magnitude to that of the rmsd of the garlic dimer from itself before and after MD. Thus, 
it has been demonstrated that the same p-sheet structure is maintained, which indicates 
that the aloe dimer is stable in this aqueous environment. It is known that garlic lectin 
monomers associate to form dimers, the similar behaviour of the aloe lectin dimer in 
these simulations indicates that it too will associate to form dimers in its native 
environment.
In common with the garlic dimer, the mannose in the aloe dimer model is seen to be 
quite mobile in the binding area during the simulation, with new bonds forming as the 
mannose moves away from, and back into the binding area.
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figure 10: Before the M D run is shown in green, after in purple. It can be seen that 
different hydrogen bond contacts have been made, shown as dashed lines.
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This mobility of the ligands is to be expected as the binding area is only a very 
shallow bowl and the only forces keeping the ligand in place are hydrogen bonds; no 
enclosure of the ligand is experienced by this type of carbohydrate binding protein. 
When an animated trajectory is observed, some of the mannoses seem to move in and 
out of the binding area, with hydrogen bonds breaking and reforming. In fact the 
formation of other hydrogen bonds is observed for aloe lectin (Figure 10). The axial 2- 
OH is still forming a hydrogen bond with one of the three key recognition residues (Gin, 
Asp, Asn) for this structural feature, but not in the same fashion i.e. not pointing 
downwards into the space between the three. Unusually, there is also a bond observed 
with 01. These observations demonstrate the instantaneous and dynamic nature of 
mannose binding.
4.3 Conclusion
In contrast to the large similarities within lectin families there are few similarities 
between lectin families, but they have separately evolved means of achieving similar 
physiological roles within the plant. Associations that form dimers and tetramers enable 
binding modes, via collective sites and extended binding sites, that would not be 
possible with just a single monomer. This is supported by the observation of higher 
mannose binding affinities of dimers and tetramers than monomers1.
Further evidence that aloe lectin retains the overall fold of a MMB lectin in the form of 
a dimer is provided by the MD simulations. The interface between the two monomers 
remains constant over the period of the dynamics, with the same residues being linked 
by backbone hydrogen bonds both before and after the 250ps MD simulation. The 
percentage of p-sheet remains constant and the radius of gyration of the protein changes 
only within expected limits.
The motions of the mannose ligands situated in the binding sites over the period of the 
MD suggests a very mobile ligand with hydrogen bonds constantly breaking and 
reforming, with a variety of different connections being made between the four key 
residues - Gin, Asp, Asn and Tyr -  over a given period of time. This is also consistent
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with the results of the docking studies, which indicate that the hydrogen-bonding pattern 
of the docked mannose has certain structural features: the same residues are involved, 
but not in a rigid fashion; those bonds vary in length and sometimes hydrogen bonding 
is demonstrated to occur to fewer of the residues than are available.
The affinity of aloe lectin for mannose will probably remain low as binding sites II 
and III are inactive, but it is possible that the efficacy of aloe lectin is a function of 
different binding modes. As dimers associate to form tetramers and bring together a 
collection of active site Is, extended binding sites may be created. This introduces the 
possibility of binding branched mannopentoses, such as (3-1,3 sugar linkages, which is 
considered to be a biologically relevant mode of binding2. The tetrameric association of 
these lectins is an area that requires further study.
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Reference:
1. S. Elgavish and B Shaanan Lectin-Carbohydrate Interactions: Different Folds, 
Common Recognition Principles. Trends in Biochemical Sciences, 22,462-467
(1997).
2. M. Vijayan, N. Chandra. Lectins. Current Opinion in Structural Biology, 9, 707-714 
(1999).
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5.1. The Models
The x-ray structure of atropine was calculated by Palmer et al.1 and optimised by ab- 
initio calculations using a 6-31G* basis set with GAMESS2 to remove any crystal 
packing effects. The optimisation was carried out for 250 steps before converging with 
an RMS of 0.002A and a final energy of -3917.02kJ/mol. The structure produced from 
the optimisation was similar to the x-ray data (rmsd = 0.270A overlaying all atoms, 
0.003A for the backbone C-O-C-C, Figure 1) indicating that the x-ray derived structure 
is at an energy minimum, thus, no packing effects were evident and the x-ray data could 
be used as solved.
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Figure I: The crystal structure of atropine (coloured by atom) superimposed over 
the structure optimised for 250 steps using GAMESS (in green), The majority of the 
movement has occurred in the torsions of the aromatic ring and the OH group.
The model used for the Ml acetylcholine receptor (mlAchR) was made previously 
using the crystal structure of bovine rhodopsin as a template and refined using
# q
mutagenesis data .
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Docking was carried out with the program AUTODOCK4. Molecular models of the 
atropine analogues (Table 9) were modelled in Viewer Pro 4.2 , using the atropine x- 
ray structure as a template. AUTODOCK TOOLS6 was used to identify the torsion 
angles in the ligands, add the solvent model and assign partial atomic charges of the 
Gasteiger7 type. The ligand models were docked to the model of rat muscarinic receptor 
using the default settings of AUTODOCK for the Lamarckian genetic algorithm, and 
thus a flexible ligand was docked to a rigid protein. The fitness function that was 
optimised by the genetic algorithm was a function of the conformation of the ligand 
(defined by its flexibility) and its interaction with the protein (by non-bonded and 
charge interactions). The program explores many hundreds of conformations and this 
allows some estimation of entropy. Furthermore, as there is a solvent model included in 
the program, it is possible to determine free energies. The results of the Docking studies 
were the ten best docked ligands quantified in terms of the calculated Gibbs free energy 
of binding (AGbinding).
5.2. Initial Docking Results
The ligands were initially placed within the proposed binding site as access to this area 
from the exterior of the receptor is blocked by two {3-sheets. These P-sheets may be an 
artefact of the bovine rhodopsin crystal structure and the function of this “doorway”, or 
even its position in other receptors, is not known. The ligand was not seen to interact 
directly, via hydrogen bonds, with residues that are supposed to be key to binding; in 
fact no H-bonds were detected. Also, residues such as Asp 105, that are thought to be in 
close proximity to the nitrogen head group of the atropine, are in fact somewhat remote. 
A closer examination revealed Trp378 was infringing on the space which atropine was 
thought to occupy. In Figure 2 the Trp378 can be seen in purple, partially buried in the 
space-filled representation of atropine.
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Figure 2: shows Trp378 infringing on the space that atropine is expected to
occupy (circled in black).
Owing to the perceived importance of Asp 105 to interactions with the ligand8’910 this 
clash was removed, using ViewerPro to ‘clean’ the structure with atropine in place, thus 
allowing the protein to relax around the ligand. However, observation of the resulting 
complex revealed that there was a certain amount of helical unwinding caused by the 
cleaning of the structure using ViewerPro. The utilisation of the Gromos force-field by 
this program does not seem to be ideal for proteins and thus produced some artefacts in 
the resulting structure.
The torsion angles of Trp378 were moved manually (original: omega=-174.78, phi=- 
83.33, psi-28.55 —> new model: omega=-170.59, phi=-9121, psi=-22.92) using deep 
view and then the mlAchR-atropine complex was minimised using Amber5. This 
energy minimisation was carried out in order to relax any unwanted constraints caused 
by the altered torsion angle. Atropine was left in the site in order to prevent 
infringements on the binding site by residues in motion, on the assumption that the 
receptor in the inactive state must be able to accommodate an antagonist. The 
parameterisation of Amber5 for atropine was achieved by comparison of the AMBER,
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CVFF11 and DREIDING1 forcefields, the additional parameters were for the ether 
linkage O-C bond length and associated angles and torsions and the nitrogen ring 
moiety (Figure 3, Tables 1, 2 and 3). The charges on the ligand were calculated to a 6- 
31G* level of theory using GAMESS and then prepared for Amber5 using the RESP 
charge fitting protocol. Molden was used to convert the GAMESS output into RESP 
format.
Figure 3: shows the labelling of the new atoms for Amber parameterisation.
Bond Parameters Ro(A) K (kcal/mol)
o s - c 1.31 350
OS-CT 1.41 320
Table 1: Extra bond parameters for atropine
Angle Parameters Ro(°) K (kcal/mol)
C -  OS -  CT 109.5 60.0
O S-C T -C T 109.5 70.0
O S -C -C T 120.0 122.8
O S-C -O 123.0 145.0
OS-CT - HC 109.5 57.0
N -C T-H C 109.5 48.5
C -  CT - C A 109.5 48.5
Table 2: Extra angle parameters for atropine
Torsion
Parameters
Ke n 0(°)
C T -O S -C -C T 4.5 2 180.0
O -  C -  OS -  CT 4.5 2 180.0
Table 3: Extra torsional parameters for atropine.
103
Chapter 5: Studies of the Mi Muscarinic Acetylcholine Receptor - Part I:
Atropine and its Analogues.
In this new minimised model of the mlAchR the helices are not unwound. The 
binding site, to the eye, looks similar; the side chains have moved but not by a great 
deal. After docking to this revised model it is apparent that the residues surrounding 
the atropine molecule are those thought to be instrumental in the shaping of the 
binding pocket, and the nitrogen head group of the atropine is now approximately 2A 
from Aspl05 (Figures 4 and 5). This model of the wild type receptor was used for all 
subsequent dockings.
Figure 4: The distance between atropine and Asp 105.
Figure 5: Atropine and Asp 105 in spacefilled aspect. The 
proximity of the two can be appreciated.
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From the mutagenesis data it is apparent that Asp 105 plays an active part in the 
binding of atropine. It appears from these simulations that this residue, in the majority 
of docked conformations, is in close proximity to the ligand, contributing to the 
electrostatic landscape of the pocket, to which a number of key residues contribute.
Figure 6: The surface of the binding pocket coloured by electrostatic 
potential: thus the red areas are negatively charged and the blue areas 
positively charged. The helices are coloured TM3: yellow, TM5: Red, TM6:
green, TM7: pink.
All of the docked structures of atropine, including the lowest energy conformation, are 
located in a site between transmembrane helices TM3, 5, 6 and 7 (Figure 6). The ‘walls’ 
of this binding pocket are made up of the amino acid residues TM3: Asp 105, Tyrl06, 
Seri09 and Asnl 10. TM5: Thrl92, Alal96, Phel97 and Tyrl98. TM6: Phe374, Trp378, 
Tyr381, Asn382 and Leu386. TM7: Tyr404, Cys407 and Tyr259. These are all residues
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that have been implicated in the binding of antagonists10,8, particularly Asn382 which is 
implicated to a larger extent in antagonist binding than agonist binding. There is a 
possibility of ring stacking interactions between the aromatic ring of the antagonists and 
Tyrl06 and Phel97, but such interactions are not modelled explicitly in this docking 
software. Molecular orbital calculations need to be used to study ring-stacking 
interactions and this will be an area of future study. The docked conformations are seen 
to cluster together very well (Figure 7).
Figure 7; The cluster of docked conformations of atropine, a: from this angle the 
close match of the N  ring system can be seen as well as the ether linkage O. b: the 
two preferred conformations of the single aromatic group in the tail region and the
spread of the R-CH2-OH moiety.
Hydrogen bonds are observed between Seri09 and the ether O linkage and 
Asnl 10 and the OH group on the atropine in all of the docked conformations (Figure
198, Table 4). The aromatic cage around the nitrogen head group can also be seen 
(figure 9). It has been suggested that Asnl 10 may form interactions with the ligand 
and Seri 09 is implicated to play a lesser role3. However, these docking studies 
indicate that the role of Seri 09, for the binding of atropine, is a very direct one. 
Many of the other residues that are implicated in the binding of the ligands to this 
receptor are aromatic residues that are not observed to make direct hydrogen bonding 
contact with the ligand, but rather serve as the formation of the pocket and for 
potential aromatic stacking interactions.
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Aspl05
Serl09
AsnllO
Figure 8: The hydrogen bonds (shown as dashed lines) between the residues Ser89, 
Asn90 (TM3) and atropine for one docked conformation of atropine.
Figure 9: The aromatic cage that forms the end of the binding pocket close to 
Asnl05. The residues are coloured by helix (yellow = TM3, Blue = TM5, purple 
=TM6, and pink = TM7) atropine is shown with a molecular surface coloured by 
electrostatic potential, red=positive —► blue=negative.
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Docked
Conformation
ATROPINE Aspl05-N
Distance in 
Serl09(O) - O
A
Asnl 10(0) - OH(O)
AGbinding
(kJ/rnoI)
1 3.97 2.99 2.45 -40.84
2 5.02 2.57 1.69 -41.34
3 4.23 2.74 2.92 -40.33
4 4.04 2.69 1.81 -41.21
5 4.54 2.45 2.02 -41.59
6 4.62 2.60 2.55 -39.75
7 4.40 2.59 1.97 -41.17
8 4.68 2.73 2.83 -40.75
9 3.95 1.86 2.76 -41.05
10 4.20 2.84 2.87 -40.63
Average 4.37 2.61 2.39 -40.87
S.D. 0.35 0.30 0.47 0.54
Table 4: Atropine docking results. Distances between Asp 105 and N, Seri 09 
and the ether moiety, Asnl 10 and the O of the OH group and AG binding.
5.3. Charge Comparisons
Initially, different charge models were used to determine the effect of variation in 
partial atomic charge on binding using AUTODOCK. The charge models used were 
semi-empirical atomic partial charges from a Mulliken analysis in AMI (from 
MOPAC V6.0), ab-initio atomic partial charges from a Mulliken analysis in 
GAMESS using a 6-31G* basis set and empirical Gasteiger partial atomic charges 
(Table 5).[The idea being to investigate whether inter-molecular interactions would 
become more apparent with larger charges available, especially with the positively 
charged head group of the acetylcholine./The labelling of atropine atoms can be seen 
in Figure 10 and acetylcholine atoms in Figure 11.
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Atropine Charges
Atom Gasteiger AMI Atom Gasteiger AMI
A12 -0.043 -0.1079 C4 0.137 0.0244
A13 -0.076 -0.1186 N8 0.04 -0.06
A17 -0.076 -0.12 H4 0.04 0.1616
H13 0.084 0.1312 C6 0.137 -0.1655
A14 -0.083 -0.1246 C5 0.093 -0.0305
A16 -0.083 -0.1191 H5 0.088 0.1593
H17 0.084 0.1476 C l -0.034 -0.1667
H14 0.083 0.1443 H3A 0.088 0.1191
A15 -0.083 -0.1075 H3B -0.034 0.1529
H16 0.083 0.1471 H7A 0.036 0.1205
H15 0.083 0.1469 H7B 0.036 0.1462
CIO 0.075 -0.0784 H6A 0.036 0.1441
H10 0.066 0.125 H6B 0.036 0.1235
C9 0.269 0.3222 C8 0.096 -0.1352
0 9 -0.264 -0.3273 H8A 0.072 0.15
Ol -0.315 -0.301 H8B 0.072 0.153
Cl 0.051 0.0304 H8C 0.072 0.1726
HI 0.084 0.163 C ll 0.032 -0.0233
C2 -0.012 -0.1857 H U 0.075 0.1037
C3 -0.012 -0.1649 H ll 0.075 0.1352
H2A 0.04 0.158 O il -0.399 -0.3231
H2B 0.04 0.1215 H ll 0.209 0.2048
Table 5: Atropine point charges for comparison, Gasteiger and mopac AMI. 
Charges are given in electrons.
Figure 10: The labelling of atoms in the atropine pdbq input files for Auto Dock 
and for the table of charges above. The two choices of root are also shown; root 1 
circled in orange and root 2 circled in green.
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Acetylcholine Charges
Atom Gasteiger GAMESS Atom Gasteiger GAMESS
CIO 0.103 -0.275 N12 -0.076 0.132
H30 0.079 0.177
H32 0.079 0.178 C14 0.067 -0.379
H34 0.068 0.198
C8 0.051 0.421 H36 0.068 0.186
H26 0.077 0.019 H38 0.068 0.205
H28 0.077 0.018
0 6 -0.32 -0.564 C16 0.067 -0.357
H40 0.068 0.191
C2 0.254 0.958 H42 0.068 0.2
0 4 -0.266 -0.615 H44 0.068 0.183
C l 0.003 -0.576 C18 0.067 -0.515
H20 0.041 0.165 H46 0.068 0.236
H22 0.041 0.181 H48 0.068 0.228
H24 0.041 0.18 H50 0.068 0.226
Table 6: Acetylcholine point charges for comparison, Gasteiger and GAMESS. 
Charges are given in electrons.
Figure 11 : The labelling of atoms in the acetylcholine pdbq input files for 
Auto Dock and for the Table of charges above.
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The Gasteiger charges are generally of a lesser magnitude than those calculated 
using AMI or GAMESS ab-initio method. The oxygen atoms are always more 
electronegative and carbon and hydrogen atoms tend to have a charge of a lesser 
magnitude in the GAMESS calculations. This effect is apparent when a particularly 
electronegative atom is neighbouring e.g. C9 shows a large difference in charges and 
is next to two oxygen atoms. The 6-31G* basis set is known to produce slightly 
polarised charges, which is ideal for the parameterisation of molecules for 
simulations in a polarised environment using Amber5, and serves here as a different 
charge model to assess the effects of different charges upon docking.
The docking produced ten docked ligand conformations all clustered inside the 
helices, in the proposed binding area. This selection of charge models was not found 
to affect the docked conformations of the ligands markedly; the orientation of the 
docked conformations occupied the same space with no notably closer associations, 
alternative hydrogen bonding patterns or different conformations (Figure 12).
Figure 12: AM I red, Gasteiger orange, shown in spacefilled aspect. This 
picture gives a visual indication that both clusters of docked conformations
occupy the same space.
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AGbinding 'kJ/mol)
Atropine Acetylcholine
AMI Gastieger GAMESS Gastaiger
-40.96 -46.07 -16.86 -14.94
-42.51 -45.06 -14.77 -15.56
-42.80 -45.81 -15.19 -15.19
-43.60 -44.02 -16.28 -15.31
-42.30 -42,93 -15.90 -15.65
-42.01 -45.52 -16.28 -14.10
-45.77 -45.56 -15.23 -14.85
-46.90 -41.67 -15.69 -15.65
-45.86 -41.71 -15.23 -15.48
-40.54 -42.59 -16.65 -15.61
Average -43.33 -44.10 -15.81 -15.23
S.D. 2.17 1.74 0.70 0.49
Table 7. AGbinding for atropine comparing docking using charges calculated using 
A M I with Gastsiger and for acetylcholine comparing docking using charges 
calculated using GAMESS (6-31G*) with Gasteiger.
The AGbinding changed little (Table 7) i.e. the average AGbinding differs by less than 
the standard deviations. The shape of the site seems to be a predominant factor in 
these simulations, as the binding pocket is quite well defined and constrains the 
ligand conformation. Acetylcholine has more room to manoeuvre within the binding 
site but no marked differences in the binding energies caused by different charge 
models are observed. Owing to the lack of notable differences in intermolecular 
interactions, even using a 6-31G* basis set which describes a more polarised 
molecule, the subsequent results were all obtained using Gasteiger charges.
5.4. Root Comparisons
The root is the portion of the ligand to which the rotatable branches are attached. Both 
ends of atropine were used as root (Figure 10) and all possible torsional movements of 
the ligand were allowed. Both sets of results are similar (Figure 13), indicating that the 
choice of root is not important in this case. There were also no notable differences 
between the AGbinding values (Table 8).
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Figure 13: Rootl green root 2 orange. This picture gives a visual indication 
that both clusters of docked conformations occupy the same space.
AGbinding ( k J / in O l)
Atropine rootl Atropine root2
-43.93 -44.94
-44.35 -42.63
-44.89 -44.89
-45.35 -44.98
-39.33 -42.22
-44.48 -38.87
-45.69 -44.56
-44.31 -45.31
-43.51 -43.85
-45.69 -43.64
Average -44.15 -43.59
SD 1.84 1.96
Table 8: Root comparison data for atropine comparing 2 selections of root. There 
is no notable difference between these two data sets.
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5.5. Analogues of atropine
Nine analogues of atropine were constructed, using ViewerPro, using the x-ray 
crystal structure of atropine as a template (Table 2). The energy of each structure was 
minimised briefly to remove any artificial structural features from the building 
process. No further optimisation was required as the molecule is flexible in the 
docking simulations.
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CH,
/
N. CH„OH
atropine
CH,
/H3c— N CH2OH
N-methylatropine
,ch3
N .___  OH
DL-homatropine
CH,
/  3
H C----N OH
0
N-methylhomatropine
CH, r.----,,
/  3 r \
0  —X  
benztropine
CH,
o
benzilyltropine
ch3
pkenylacetyltropine
CH,
diphenylacetyltropine
h3c |
H,C—N\ JLHy
Acetylcholine*
CH,
/
HaC—
? r f L o ^ C H 3
0
N-methylacetyltropine
Table 9: Atropine and analogues built using ViewerPro. *acetylcholine is an agonist
not an antagonist
These models were then docked into the receptor using the same protocol as above and 
the results can be seen in Table 10.
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It is possible, and has been suggested13, that parts of the exterior o f  the GPCR are 
instrumental in orienting the ligands in the correct way prior to entering the binding area 
but these simulations do not allow for any selectivity on approach to the GPCR. It is 
interesting to note that the ‘upside down’ conformations are often of a lower energy 
than those thought to be in the ‘correct’ orientation. However, they appeal* less 
frequently, and are thus not considered to be as significant as the other orientations.
Experimental values o f  pICso versus AGbinding are shown in Table 11. Figure 10 is a 
plot o f  pICso versus average AGbinding and Figure 11 shows pICso versus minimum 
AGbinding- PIC50 is the amount o f  ligand required to compete off 50% o f  radio-labeled 
ligand bound to the receptor, these experimental results are from work carried out by the 
MRC8.
Those ligands with no chiral centres have had their pICso values corrected by only 
considering half o f  the concentration o f  ligand in order to normalise the data with those 
studied as a 50:50 racemic mix.
Ligand average AGbmdina minimum AGbindine pICso
Benzilyltropine -50.58 7.1.17 -57.57 10.05
Benztropine -47.57 7 .0.54 -54.85 9.75
A-methylatropine -41.05 7.0.13 -47.28 9.56
Atropine -40.88 7.0.67 -46.86 9.19
Diphenylacetyltropine -49.45 7.0.54 -55.35 8.42
A-methylhomatropine -38.99 7.1.17 -45.56 7.61
DL-homatropine -39.58 7 .0 .62 -45.06 7.37
Phenylacetyltropine -39.58 7 .0 .7 9 -39.85 6.94
A-methylacetyltropine -27.49 7.0.42 -33.81 5.44
Acetylcholine -13.64 7.0.25 -14.31 4.78
* =  corrected for concentration, o =  observed outliers to experiment
T able 11 : Minimum an d average AGbinding values are given in kJ/m ol and pIC so 
(values are ratios) fo r  the atropine analogues used fo r  the dockin g studies.
There are two outliers from this trend, diphenylacetyltropine and 
phenylacetyltropine, both exhibit free energies o f  binding greater than those expected 
from the pICso values. The pICso values o f  the compounds are significantly different
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since a change in pIC50 from 10 to 8 equates to a 200 fold change in ligand 
concentration, though phenylacetyltropine is not as obviously an outlier as 
diphenylacetyltropine. The reasons for this are not obvious from the simulations as 
both molecules are very similar in shape to others in the series. However, on closer 
inspection o f the experimental details it appeals that they were obtained from a 
different source to the other ligands used for the assays and were not tested for 
purity. Consequently these have been omitted from any subsequent analysis.
Figure 10: P lot o fp IC 5 0  against minimum AG binding excluding ou tliers. D ata values
in T able 10.
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Average AG
Figure 11: P lot o f  pICso again st minimum AGbinding excluding ou tliers. D ata
values in tab le 10.
These plots show the excellent rank order o f  the free energy o f binding with the pIC5o 
values; with a correlation coefficient o f  -0 .95  and a linear fit around 0.87 (R2 value). 
This good correlation with experimental data shows that the approach used in this work 
is valid.
The use of x-ray crystallography here is important as it gives confidence in the three- 
dimensional structure o f  the atropine produced by the molecular modelling, and a 
certain degree o f  confidence in the analogues. There were also other ligands available 
from this work, such as scopolamine and N-methylscopolamine, which are well known 
ligands (antagonists) for this receptor. However, the oxygen bridge group constitutes an 
unusual structural feature and insufficient parameters are available to model this. 
Consequently these have been excluded them from the experiment as it was not possible 
to ensure building a correct structure.
During the docking simulations acetylcholine, the natural agonist, is located more 
deeply within the negatively charged area o f  the binding pocket than the antagonists 
(Figure 12). All o f  the atropine analogues are found to bind to this site in positions
118
Chapter 5: Studies o f the M j Muscarinic Acetylcholine Receptor - Part I:
____________Atropine and its Analogues.
similar to atropine, with the exception of N-methylacetyltropine, which, like 
acetylcholine, can get a little further into the negative end o f the binding pocket because 
it lacks a bulky aromatic tail.
Aromatic 
tail group 
o f atropine
Figure 12. A tropine and acety lcholin e in the binding a rea  o f  m lA chR..
This observation also explains why both the AGbinding and pICso values for 
acetylcholine are lower than for atropine and its analogues: it does not fit as snugly into 
the site as the larger antagonists and is thus not as energetically stabilised. This also may 
be what distinguishes the agonists from the antagonists: acetylcholine allows the 
receptor freedom of movement and thus permits the conformational change, which is 
required for activation. It has been noted from efficacy studies o f  analogues of 
acetylcholine that the more compact they are the more efficacious10 they are. This would 
be consistent with the requirements for space in the receptor pocket and the closer 
association of the nitrogen head group of acetylcholine with Asp 105 for receptor 
activation.
acetylcholine
atropine
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5.6. Predictive Capacity of the Model.
Models were built o f  three atropine analogues for which there are no experimental 
data and which could be expected to fit within our result set. These were N- 
methylbenzilyltropine and N-methylbenztropine; i.e. benzilyltropine and benzilyltropine 
respectively with an N-methyl group added. The third analogue is acetyltropine, which 
is N-methylacetyltropine without the N-methyl group. Although a significant change in 
AGbinding has not been observed for the addition of an N-methyl moiety, they should be 
close to their tertiary nitrogen counterparts. pIC50 was calculated using the equation
from the plot in Figure 11, results shown in Table 12.
y =  -0.1558x +  2.1675 
thus: pICso =  -0.1558 x  AGbinding +  2,1675
Average
AGbinding
Minimum
AGbinding
pICso predicted
pICso
Benzilyltropine -50.58 -51.71 10.05 10.05
Diphenylacetyltropine -49.45 -49.87 - 9.87
N-methylbenzilyltropine -48.85 -50.50 - 9.78
Benztropine -47.57 -47.74 9.75 9.58
N-methylbenztropine -46.15 -47.32 - 9.36
N-methylatropine -41.05 -41.71 9.56 8.56
Atropine -40.88 -41.34 9.19 8.54
Phenylacetyltropine -39.58 -39.85 - 9.67
N-methylhomatropine -38.99 -40.46 7.61 8.24
DL-homatropine -39.58 -40.54 7.37 8.33
N-methylacetyltropine -27.49 -27.87 5.74 6.45
acetyltropine -26.23 -27.74 - 6.25
Acetylcholine -13.64 -14.31 4.78 4.29
T able 12: pIC so p red ic ted  using average  AGbinding- The m odels fo r  w hich no pIC so data
exists are show n in b o ld  type.
From Table 12 it can be seen that as a prediction tool this limited data set is not 
adequate to formulate an effective equation for the prediction o f pICso, although the 
major trends are reproduced. This was to be expected with an R 2 value of 0.87 for the 
relation of our results to a straight line.
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5.7. Conclusions.
Docking of atropine to the model o f  m lAchR has provided some insight into the 
possible receptor-ligand contacts involved in this interaction, two hydrogen bonds are 
observed between the ligand and AspllO and Seri09, which is in good agreement with 
the literature. Other residues suggested by experimental data to be key to this binding 
process are also found to play a role in the formation of the binding pocket and 
potentially to be involved in the stabilisation of the ligand in the site by indirect 
interactions, such as aromatic stacking, although these interactions have not been 
quantified here.
It has proved possible to produce a good correlation between AGbinding and 
experimental pICso values using this m lAchR model and models o f  the ligands based 
upon newly elucidated x-ray crystallographic data for atropine. A large part o f  the 
success o f  these studies may well be due to the fact that the ligand molecule is based 
upon an experimentally derived crystallographic structure. This may have helped to 
make up for the relative lack of information that exists regarding the structure of 
mlAchR.
Though not particularly accurate at this stage and with this limited data set this is 
promising for the development of a tool for predicting the affinity o f  previously 
untested antagonists for this receptor system. This work provides a good foundation for 
further examinations o f  binding and mutagenesis studies o f  this receptor.
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Figure 1: A fter sim ulated annealing runs without the ligand in p la c e  the a ltered  
binding site fo r  atropine can  b e seen  from  the yellow  d ocked  conform ation. The 
orig in al site is shown occu p ied  by the green  conform ation but this is no longer
accessib le.
Therefore, simulated annealing of the receptor alone failed to find a multitude of 
different conformations for the binding site that would improve interactions with key 
residues, but altered it in one specific way i.e. filling in the space that is the binding site 
to an extent that causes the binding site to be located elsewhere by Autodock.
Simulated annealing was then carried out on the mlAchR-atropine complex. These 
simulations of the protein-ligand complex show that the binding site moves little 
compared with the rest of the protein. Ring flips are observed on the exterior o f  the 
protein, but the conformations o f  the key residues within the binding area are altered
125
little. The root mean square deviation (rmsd) o f  all the atoms in the lowest energy 
structure after simulated annealing is 0.84A from the original model, whereas the key 
residues shaping the binding pocket, mentioned above, have an rmsd of 0.47A. The 
atropine molecule remained in a similar orientation and location.
6 . 2 .  M u t a t i o n  S t u d i e s
Proteins can be produced with amino acids changed (mutated) for another residue with 
different functionality (hydrophobic, hydrophilic, acidic or basic) and then further 
binding assays can be carried out in order to determine how important that residue was 
for binding. Such mutation studies have been carried out experimentally on Tyr381, a 
residue that is highly conserved throughout the mAChR family o f  receptors and is 
thought to be key to the binding ability of this receptor3,4.
In the first mutation Tyr381 
is replaced with alanine
and in the second with phenylalanine
The Ala mutation removes the aromatic side chain. The Phe mutation removes a 
possible hydrogen bond donor but leaves the aromatic group, which contributes to the 
shape of the pocket (Figure 2), allowing us to probe the relative importance of the 
aromatic nature of this residue compared with the OH functionality.
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Tyr381
Figure 2: Show s atropine in the binding p o ck et with surface co lou red  by electrostatic  
potential. The residues are co lou red  by helix  (yellow  =  TM3, Blue=TM 5, purple=TM 6, 
andpink=TM 7). Tyr381, the residue to be m utated is lab e lled  in red, Tyr404, lab elled  
in black, is in c lo ser proxim ity to the N h ead  group. A snl 05 is la b e lled  a lso  fo r  clarity.
The mutations, Tyr381Ala and Tyr381Phe were achieved by altering one residue from 
the model used above using Deep-View, the lowest energy configuration of the mutated 
residues were chosen in each case. No further minimisation was undertaken. Docking 
was then carried out for all above-mentioned ligands into the two mutations o f  the 
receptor (Tables 1, 2 and 3, Figure 4).
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6.2.2. M utation results summary
Tyr381ala m utation Tyr381phe m utation
ligand Ave. A G 
(kJ/m ol)
M in . A G 
(kJ/m ol)
pICso Ave. A G 
(kJ/m ol)
M in. A G 
(kJ/m ol)
pICso
Benzilyltropine -46.18 7.0.88 -47.40 9.77 -50.78 7.0.92 -51.51 10.54
Benztropine -44.37 -47.82 8.92 -47.25 7.0.59 -47.36 9.62
N-methylatropine -36.96 7.0.96 -38.20 7.17 -40.46 7.1.42 -41.88 8.74
Atropine -37.36 7.1.59 -39.58 7.12 -41.21 7.0.67 -42.47 8.49
N-methylhomatropine -36.02 7.1.26 -38.66 6.26 -39.91 7.1.34 -41.97 7.07
DL-homatropine -36.15 7.0.79 -37.66 6.38 -38.38 7.0.96 -40.29 7.06
N-methylacetyltropine -24.79 7.1.34 -25.90 4.79 -27.38 7.0.42 -27.87 4.77
Acetylcholine -13.14 7.1.21 -14.69 3.33 -14.81 7.1.67 -17.32 3.26
Table 3 : Shows the average AGbinding, m inim um  AGbinding and  pIC so fo r  both
m utations.
In general, in both the laboratory work and in the present simulations, the w ild  type 
receptor has the best binding energies, w ith the exception o f benzilyltropine and 
benztropine, which have the highest pICso and AGbinding w ith the Tyr381Phe mutation 
( c . f Table 11 Chapter 5). The Tyr381Ala mutation has the lowest pICso and AGbinding 
energies when compared w ith the w ild  type and Tyr381Phe mutation. The removal o f 
such a large and bulky group from the binding site in the Tyr381Ala mutation means 
that the ligands no longer f it  as snugly into the site as in the w ild  type receptor and are 
thus not as energetically stabilised. The sim ilarity o f the trends between pICso and 
AGbinding can be seen in Table 3 and Figure 4, w ith pICso made negative in Figure 4 for 
ease o f comparison.
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F ig u re  4: Two p lo ts  show ing the average AG  binding and negative pICso (in  o rd e r to  
best com pare the shapes o f  the graphs) respective ly fo r  the w ild  type recep to r and  both
m utations.
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Similar trends in docking energies, due to structural features, can be seen in the
simulations as are seen in the experimental data5.
❖  The N-methyl group, i.e. quaternary nitrogen as opposed to tertiary nitrogen, cannot 
be said to increase the binding energy in the simulations. This is observed when 
comparing atropine to N-methy latropine and DL-homatropine to N- 
methylhomatropine. The pICso data shows a two-fold increase for the quaternary 
nitrogen head group in both cases for the w ild  type receptor, although in terms o f this 
biological data this is not a significant amount. The same situation is found for N- 
methylatropine in the Tyi*381Phe mutation. This magnitude o f difference is not 
apparent for N-methylhomatropine in either mutation or for N-methylatropine in the 
Tyr381Ala mutation, although there is s till an observed ordering o f the compounds. 
These simulations do not demonstrate notable differences in binding energy for any 
o f these pairs o f ligands due to the presence o f the N-methyl group.
❖  The effect o f the presence o f the hydroxymethyl group is apparent in these 
simulations; when comparing atropine to DL-homatropine and N-methylatropine to 
N-methylhomatropine a 7% decrease is observed in both cases w ith the replacement 
o f the CH2OH group w ith OH for the w ild  type receptor. The Tyr381phe mutation is 
8% and 1% respectively w ith a 3% difference for both in  the Tyr381Ala mutation. 
The replacement o f CH2OH w ith OH reduces binding (IC 50) 70-90 fold to the w ild 
type receptor and around 40 fold, w ith the Tyr381Phe mutation, there is a difference 
in magnitude here but it is the reverse o f the simulations. This difference is also 
apparent for the Tyr381Ala mutation, but reduced further still. Thus a similar overall 
trend is observed to the experimental data.
♦♦♦ A  significantly larger difference in  binding energy can be noted w ith regard to the 
aromatic tail section o f the molecules. A  comparison can be made between DL- 
homatropine and benzilyltropine, the addition o f an extra benzene ring altering 
significantly (around 25%) the binding energy in these simulations and the 
experimentally determined binding affinity 240 fold. Benztropine has similar pICso 
for the w ild type and Tyr381Phe mutation w ith a lower pICso for the Tyr381Ala
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mutation. This is also not observed in  these simulations. N-methylacetyltropine has a 
markedly different pICso and binding energy, indicating once again the significance 
o f the size o f the molecule compared to that o f the binding site. This ligand also 
demonstrates much better binding to the w ild  type receptor, less for the Tyr381Phe 
mutation (around 7kJ/mol) and a little  less again for the Tyr381Ala mutation (around 
3kJ/mol). This is a similar trend to the pIC5o values.
In general it can be seen from the in -s ilic o  data that there is a grouping o f atropine 
w ith N-methylatropine and N-methylhomatropine w ith DL-homatropine, and that these 
four are not as easily separated from each other as from the species containing more or 
fewer benzene rings in the ta il section o f the molecule. These simulations are essentially 
unable to distinguish between the tertiary or quaternary nitrogen group; a difference in 
the binding o f these compounds can be seen in  the pICso data, but is o f a lesser 
magnitude than the differences observed for the other structural features. This could be 
explained by the fact that the receptor was energy minimised w ith atropine in the site, 
which may have instilled a preference for a tertiary nitrogen. It is not possible to 
distinguish between the Tyr381Phe mutation and the w ild type receptor, indicating that 
the presence o f the aromatic ring has far more significance (in  s ilic o ) to the docking o f 
these ligands than does the OH functionality. In short, this technique is not as sensitive 
as analysis o f the ‘real’ system. However, it is possible to obtain a linear f it  (R2 value) 
w ith the laboratory data o f 0.96 and 0.93 for the Tyr381phe and Tyr381ala mutations 
respectively, (figureS), and correlation coefficients o f -0.95 and -0.96 which indicates 
that we can predict general trends and possibly the binding affin ity o f new, as yet 
untested, compounds.
It can also be noted that more o f the ligands fit into the site ‘upside down’ in the 
Tyr381Ala mutation. This is a consequence o f an increased amount o f space being 
available for the molecules to move around in. Neither the binding data nor these 
simulations show the OH group o f Tyr381 to play a direct role in the binding o f 
antagonists to this receptor. However, the aromatic ring plays an important role as part 
o f the aromatic cage surrounding the tropane ring, although these simulations do not 
reproduce the changes in binding energies shown in the laboratory affin ity data caused
Chapter 6: Studies o f the M i Muscarinic Acetylcholine Receptor - Part H: Probing
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by the presence o f the quaternary nitrogen. The empirical data also suggest that there is 
little  chance o f direct interaction between Tyr381 and the rest o f the ligand as the 
differences in affin ity between the various analogues do not change w ith respect to each 
other throughout the mutations. Previous work carried out on the homologous residue in 
m3AChR suggested the Tyr381Phe mutation affected agonist binding and not 
antagonist binding6, so perhaps a more extensive study o f agonist binding to this 
mutation could be fru itful.
Average AGbinding vs. pIC50 for Tyr381Pke mutation
-55.00 -50.00 -45.00 -40.00 -35.00 -30.00 -25.00 -20.00
AGbinding
A v e r a g e  A G b in d in g  vs. p IC SO  f o r  T y r 3 8 1 A l a  m u ta t io n
AGibinding
F ig u re  5 : C o rre la tio n  between pIC so an d  AGbinding fo r  the Tyr381Phe m uta tion  (top) 
C o rre la tio n  between pIC so and  AGbinding fa r  the T yr381A la  m uta tion  (bottom ).
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6.3. Molecular Dynamics:
Molecular dynamics (MD) was carried out on the receptor alone (M l), M l w ith 
acetylcholine in the binding site and M l w ith atropine in the binding site. MD was 
carried out at 300K for 250ps, after slowly wanning the system and equilibrating at 
300K, w ith a distance dependent dielectric constant, this was found to cause less helical 
unraveling than a dielectric constant mimicking either an aqueous or hydrophobic 
environment. SHAKE bond length constraints were used for all bonds (see Appendix III 
for simulation inputs and outputs).
The movement o f the helices in the receptor have been studied by calculating the root 
mean squared deviation (rmsd) in co-ordinates for the helices after the molecular 
dynamics to those o f the receptor before, and also the rmsd for all o f the a lp ha -carbons 
in the receptor (calculated using the CARNAL analysis module o f AmberS). The results 
o f this are shown in Table 4 and Figure 6. These simulations do not propose a final 
conformation which would correspond to the R* state o f the receptor, due to the length 
o f the simulation and the absence o f other important constraints, particularly a lip id  bi­
layer and without the presence o f any explicit water molecules in key areas. However, 
they do demonstrate some interesting behaviours which can be discussed, such as 
differential m obility o f specific helices in the receptor without the inverse agonist 
bound.
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rmsd from  starting structure (A)
Transmembrane
domain
M l M l + atropine M l + 
acetylcholine
TM1 2.61 2.49 2.97
TM2 2.90 2.81 3.30
TM3 1.41 2.22 3.02
TM 4 2.67 2.50 2.82
TM 5 2.58 2.98 4.41
TM 6 2.40 1.72 3.49
TM 7 2.35 2.07 2.67
a ll a carbons 3.52 3.36 4.26
Table 4: rm sd o f  each h e lix  fro m  the s ta rtin g  s tructu re  ca lcu la te d  by o ve rlay in g  a ll 
o f  the a-carbons in  each h e lix  an d  the o v e ra ll rm sd o f  a ll o f  the h e lic a l a-carbons.
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The greatest overall movement o f the helices occurred in Ml+acetylcholine at 4.26A 
rmsd from the starting structure, the next largest movement is for M 1 alone, a total rmsd 
o f 3.52A. Finally, M l+atropine the rmsd is lowest, at 3.36A. The aromatic cage (formed 
by Tyrl06, Phel98, Tyrl98, Phe374, Trp378, Tyr381, Tyr404 and Tyr408) shows 
rmsd’s from the starting structure o f 1.34, 1.73 and 2.08A for Ml+atropine, M l and 
Ml+acetylcholine respectively. This adds support to the hypothesis that atropine is an 
inverse agonist and to the to the mechanism o f action being inhibition o f the movement 
o f the TM domains.
5.00
4.50
4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00
TMI TM2 TM3 TM4 TM5 TM6 TM7
Transmembrane Helix
F ig u re  6: The m ovement o f  the d iffe re n t helices a fte r m o lecu la r dynam ics fo r  250ps
Examining in more detail the movements o f the individual helices it can be observed 
that some encounter more movement than others. It can be seen from Figure 6 that the 
receptor w ith no ligand bound experiences the greatest motion in TM2 and the least in 
TM3. With atropine present there is slightly less difference in the motions o f the helices 
relative to each other, w ith less motion observed than both other simulations for all 
helices apart from TM3 and TM5, the most movement apparent in TM5. With 
acetylcholine in the binding site the movement o f all o f the helices is largest, with the 
most marked movement in TM5 and TM6.
136
These motions are primarily at the intracellular end o f the receptor (Figure 7) with 
TM1 displaced more with M l on its own than with atropine. W ith acetylcholine bound 
this differential motion is more marked, being evident for TM1, 5, 6, and 7. Conversely, 
TM4 moves most at the extra-cellular end during the Ml+acetylcholine simulation. 
Another interesting observation o f TM4 is that there appears to be an anti-clockwise 
rotation o f the helix about its axis during the Ml+acetylcholine simulation, when 
viewed from the intra-cellular side. A  rotation and/or outward tilt o f TM6 (away from 
TM5) o f the intra-cellular end o f the helix, deduced from experimental studies o f 
rhodopsin prior to the availability o f the x-ray crystal structure, has been suggested7. 
The rotation observed in TM4 o f m lAchR seems contrary to this suggestion, and no 
experimental data thus far has implicated TM4 in such a rotation. However, much o f 
this observed movement is consistent w ith the notion that the intra-cellular end TM6
• • on .
moves during receptor activation facilitating the exposure o f the G-protein binding 
residues by the movement o f the intra-cellular side o f the helices.
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Helical rotation
M l + atropine M l + acetylcholine
F ig u re  7: A view  o f  the helices fro m  the in tra -c e llu la r end o f  the receptor, before M D  
co lou re d  by helix, a fte r M D  shown in  w hite. H elices co lou re d  as above. A reas o f  
increased m ovem ent a t th is  end o f  the receptor can be seen c irc led .
137
According to the literature, the transition between the inactive and active state o f 
GPCRs involves extensive movement o f TM6 and 7 relative to TM 310’11; TM3 
switching from one set o f contacts to another . I f  these results are evaluated in this 
context, then it can be seen that the amount o f movement in these two helices (TM6 and 
7) is reduced by the presence o f atropine and increased by the presence o f acetylcholine, 
which would be consistent w ith atropine acting as an inverse agonist, preventing helical 
movement, and w ith acetylcholine facilitating helical movement and thus receptor 
activation. Although not inferred from experimental data regarding m lAchR the 
markedly increased movement o f TM5 in our simulations w ith acetylcholine present, is 
echoed in simulations o f bovine rhodopsin, where although TM6 was seen to move the 
most, it was followed to a lesser extent by movement o f TM4 and 58 and could be an 
interesting area for further experimental and MD studies concerning m l AChR.
Bearing in mind the time scale o f the simulations it is d ifficu lt to draw too many 
concrete conclusions, but these results indicate that there are differences in the 
movement o f each helix, and the receptor overall, dependent upon the type o f ligand 
present, i f  any, dur ing molecular motion.
It has been suggested that Asn43, Asp71 and the backbone carbonyl o f Ser411 play 
important roles in the stabilisation o f the receptor in the inactive state13. In the present 
version o f the model there are no hydrogen bonds observed between these residues, but 
Asn43 is close, at 2 .1 k , to the backbone carbonyl o f Ser411, whilst Asp71 is some 3A 
distant. After MD o f Ml+acetylcholine the side chain o f Asn43 has moved away to over 
3A, but the distance remains close for the other two MD simulations. Asp71 moves 
away simulation to 4.5A in all three simulations.
Two further specific hydrogen bonding contacts have been observed to behave 
differently during the different M D simulations: Tyrl06(TM 3) - Thrl92(TM 5) and 
Tyrl06(backbone) - Tyr404(TM7). These contacts are retained in the M l+atropine and 
M l simulations but are lost in the Ml+acetylcholine simulation, as a consequence o f the 
position achieved by the smaller acetylcholine. From mutagenesis data3,4 it has been
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suggested that these residues are involved purely in ligand binding, but from these 
simulations it appear s that they could also be important in recognising the presence o f 
an agonist in the binding site. It  has been noted before that residues key to binding, such 
as Asp 105, Tyr381, Asn382 and Tyr408, are also thought to play a role in the activation 
process, so this dual role is not precluded.
6.5. QSAR.
A  quantitative structure activity relationship (QSAR) study was carried out on this set 
o f atropine analogues, including the three new analogues, and a set o f data collected 
using the QSAR module o f Hyperchem (Table 7). When comparing values o f pICso and 
minimum AGbinding w ith logP etc. it becomes apparent that both phenylacetyltropine and 
diphenylacetyltropine should fit higher up the list than the binding assays suggest. This 
further supports the earlier assumption that they are outliers from the experiment as the 
purity o f these compounds was not determined and that they thus should be removed 
from the consideration o f these results.
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logP — Hydration energy (kcal/mol)
F ig u re  24: observed trends fo r  a ll o f  the d iffe re n t va riab les in  the QSAR.
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AGbinding shows the best correlations w ith volume, polarisability, grid size and mass at 
97-99%. pICso has similar correlations, although generally slightly lower, w ith notably a 
greatly reduced correlation w ith polarisability. pIC5o shows a better correlation with 
hydration than does AGbmding and both are similar for logP.
AGbinding has a correlation coefficient o f -0.95 to pICso for the w ild type receptor 
model, and better for the two mutants. Although this is not markedly better than many 
o f the features examined in the SAR, such as grid size, volume and mass, the correlation 
is better than other features o f the SAR such as surface area, hydration, polarisability 
and logP. The SAR correlates better w ith AGbinding than pICso values in a couple o f cases 
(polarisability and surface area), which indicates that there are features o f the binding 
process that are not represented correctly by either o f the modelling methods.
The features o f the SAR that show the best correlations to AGbinding and pICso values 
are the same in both cases, supporting the earlier hypothesis that it is the size and shape 
o f the molecule, above anything else, which determines its ability to bind to a particular 
site in  these studies; explaining, perhaps, why little  difference is observed in AGbinding 
between the w ild type and Tyr381Phe mutation.
A  method (docking and MD) has been developed to examine how changes in 
structural features change the binding properties o f a drug that sometimes performs 
better than a SAR, for this lim ited data set, w ith the advantage that modelling facilitates 
the crucial aspect o f visualisation o f the results.
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6.6. Conclusion
The MD studies provide an insight into the differences in m obility o f the receptor w ith 
different ligands present in the binding site, i f  not a detailed description o f how these 
motions occur'. The observed helical movement, w ith different magnitudes o f motion 
observed for each TM  domain, in part agrees w ith published data. Further studies o f this 
nature, w ith MD continued for longer time periods, and perhaps in  a lip id  bi-layer, are 
required to elucidate more information about the dynamic nature o f these helices and 
the specific nature o f the interactions o f m lAchR  and its ligands.
The role o f atropine as an inverse agonist as opposed to an antagonist is like ly14. It is 
postulated that this inverse agonist functionality is due to the nature o f the ta il area o f 
atropine, composed o f an aromatic ring system, which blocks the movement o f certain 
crucial parts o f the protein, implicated by the lesser amount o f helical movement 
obseived during dynamics w ith atropine in the binding pocket. It is suggested that this 
blockage prevents the aromatic cage that surrounds the bound ligand from moving. This 
idea is supported by the views o f Hulme et a l.u  who postulate that the ring system o f 
the antagonists stabilise the aromatic cage area, perhaps playing a similar role to the 
ionone ring o f retinal bound to the retinal x-ray crystal structure, thus stabilising the 
relationship between TM3, 5 and 6 and thus prevents receptor activation. The bulky 
aromatic ta il also means that these antagonists have a better binding energy than 
acetylcholine.
N-Methylacetyltropine differs from the other antagonists as it does not have the 
aromatic ta il section o f the other antagonists but s till functions as an antagonist. As a 
consequence, its binding energy is seen to be markedly lower than the other antagonists, 
though not as low as that o f acetylcholine. The functionality o f this ligand as an 
antagonist is perhaps explained by the position which this ligand achieves during 
docking simulations i.e . not as deep in towards Asp 105 as acetylcholine, perhaps as a 
consequence o f the tropane ring compared to the rather simple nitrogen head group o f 
acetylcholine. This may either, not trigger the in itia l activation switch, the fu ll range o f 
movement necessary for activation is not achieved or it is also possible that this ligand 
acts as a competitive antagonist as opposed to the possible function o f the others (w ith 
the aromatic ta il section) as inverse agonists. Hence, this ligand would compete w ith
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acetylcholine for the binding site but not preventing constitutive activity. MD studies 
w ith this ligand in place would be interesting as it would be reasonable to presume that 
more movement would be possible in the binding pocket than w ith atropine in the site, 
due to the absence o f an aromatic tail. Studies o f the permitted helical movement w ith 
this ligand in place might be instructive as to other differences between agonist and 
antagonist functionality for this system.
A  hydrogen bonding pattern has also been observed which is different for bound 
agonist or antagonist during MD, specifically Tyrl06 - Thrl92 and Tyrl06(backbone) - 
Tyr404, being broken during MD w ith acetylcholine, but not w ith the receptor alone or 
w ith atropine present, which could be part o f a differential mechanism for the 
functioning o f antagonists and agonists. Differences in Asn43, Asp71 and their contacts 
w ith the backbone carbonyl o f Ser411 have also been observed during MD, which 
suggest that Asn53 may have some role in holding the receptor in the inactive 
conformation whereas Asp71 behaves sim ilarly in all 3 simulations.
The QSAR does not appeal* to give a better prediction o f the affin ity o f the various 
ligands for the receptor than do docking studies. As such this project has outlined a 
successful method o f broadly predicting the affin ity and some o f the functionality o f a 
given ligand, in good agreement w ith experimental data and a QSAR, w ith the added 
facility o f examining the structural interactions in detail.
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7 Conclusions
These studies have shown that the docking o f a flexible ligand to a rigid protein, 
followed by molecular dynamics studies to allow movement o f the protein is a useful 
method for investigating pharmacologically relevant interactions.
The studies o f MMB lectin monomers and dimers (proteins composed entirely o f 13- 
sheets and shallow, open binding sites) have revealed the importance o f dimerisation to 
the functionality o f MMB lectins. This dimeric association is more important than ju s t)
/  ^  {Sx V'A <
bringing together carbohydrate-binding sites to create an oligomer that can recognised J  
large arrays o f cell surface carbohydrates, in fact finalising site III into a shape that can 
accommodate mannose.
Aloe lectin was shown to have the overall fold o f a MMB lectin and to be capable o f 
forming a dimeric unit. Using molecular dynamics studies this dimeric union was 
shown to be stable in an aqueous environment. Only two binding sites, in the aloe 
dimer, are thought to be able to bind mannose as alterations in the residues vital for 
binding have occurred, supported by the absence o f a cluster o f docked conformations 
in our docking studies. Docking studies also suggest a number o f ‘sticky5 patches on the 
exterior o f the aloe lectin, which are consistent w ith extra binding areas observed on the 
garlic and daffodil crystal structures, the latter are thought to participate in extended 
binding sites which come into play as these lectins assist in recognition processes by 
binding to complex arrays o f carbohydrates. A ll o f these sites are shallow binding areas 
rather than pockets that enclose the ligand in any way.
Although changes o f any o f the key residues appear to result in a loss o f binding, 
during our docking studies minor alterations, such as rotation o f the nitrogen and 
oxygen at the end o f Asp are not seen to preclude binding. Furthermore, hydrogen 
bonding capability to the Asp residue in the active site is not always observed, so i f  this 
is the only residue to be altered binding capability may be retained.
The motions o f the mannose molecules in the binding areas during the molecular 
dynamics simulations also suggest that the hydrogen bonds observed in these protein-
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carbohydrate complexes are o f a dynamic nature and can be constantly breaking and 
reforming. Perhaps the presence o f these four residues is the minimum required to 
facilitate a mannose molecule remaining in the binding site for a time long enough to be 
considered significant in ‘molecule time’ . Considering the environment in which these 
proteins exist, in  v ivo , and their proposed mode o f action, when a M M B lectin dimer or 
tetramer approaches an array o f cell surface carbohydrates these multi-subunit 
associations are likely to stabilise the interactions between protein and carbohydrate.
Applying a similar approach to the investigation o f the M l muscarinic receptor (a 
transmembrane a-helical protein, w ith a buried binding site) has also provided useful 
insights into the mode o f binding o f a group o f proteins. Docking o f atropine to the 
m lAchR model indicates the presence o f two key hydrogen bonds between Seri09, 
Asnl 10 and the ligand, other interactions consist mainly o f aromatic stacking 
interactions with the cage that forms the shape o f the binding pocket. The main 
influences on docking seem to be shape and size o f the ligand as opposed to charge 
considerations, although the negatively-charged end o f the binding pocket orients the 
molecules in the majority o f the dockings in  the same direction i.e. w ith the nitrogen 
head group close to Asp 105. Docking studies o f atropine and analogues to m lAchR and 
two mutant variations have produced data displaying a good correlation to 
experimentally determined pICso values, providing confidence in this approach to 
computational drug design and a basis for the prediction o f pKfyo o f previously untested 
antagonists for this system. Although this prediction o f pICso is not particularly accurate 
at this stage and is based on a lim ited data set, a similar approach would provide a good 
foundation for further examinations o f mutagenesis studies o f this receptor.
Molecular dynamics studies have shown differential movement in the transmembrane 
helices and rearrangement o f a few key hydrogen bonds, these data are in partial 
agreement w ith the literature but have certain limitations, such as no lip id bi-layer and 
being very short simulations compared to receptor activation time scales. However the 
success o f these lim ited studies provides a foundation for further investigation.
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A ppendix I : Aloe and G arlic in Waterbox -  Energy M inimisation
INPUT FILES
Minim isation
&cntrl
imin=l, maxcyc=200, 
scee=1.2, cut-12.0, 
nsnb=20, 
ntpr=20,
&end
OUTPUT F IL E S  
GARLIC MINIMISATION
Amber 5 SANDER Scripps/UCSF 1997
|Run on Wed Ju l  24 12 :53 :25  2002 
[ - 0 ] verwriting output
F i le  Assignments:
|MDIN : min2.in 
|MDOUT: gmwat. out 
|INPCR: prmcrd. gmwat 
jPARM : prmtop.gmwat 
|RESTR: gmwat. xyz 
IREFC : prmcrd.gmwat 
|MDVEL: mdvel 
IMDEN : mden 
|MDCRD: mdcrd 
|MDINF: mdinfo
Here i s  the input f i l e :
Minimisation with Cartesian Constraints
&cntrl
im in=l, maxcyc=200, 
scee=1 .2 ,  cut=12 .0 , 
nsnb=20, 
ntpr=20,
&end
A -i
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Minimisation with Cartesian Constraints
| Reading &cntrl namelist w/ portable  l i b
1. RESOURCE USE:
NATOM = 29901 NTYPES = 17 NBONH = 28139 MBONA = 1797
NTHETH = 3746 MTHETA = 2450 NPHIH = 6879 MPHIA = 4286
NHPARM = 0 NPARM = 0 NNB 54078 NRES 9044
NBONA = 1797 NTHETA = 2450 NPHIA = 4286 NUMBND = 41
NUMANG = 91 NPTRA = 36 NATYP = 28 NPHB 1
IFBOX = 1 NMXRS = 26 IFCAP = 0
Memory type 
Real
H o ller ith
Integer
Allocated
1525027
248254
681723 ( s t a t i c )
Max Nonbonded P a i r s :15691486 packed 1 to a machine word
2. CONTROL DATA FOR THE RUN
TIMLIM= 999999. IREST = 0 IBELLY= 0
KFORM = 1 ICHDNA= 0 IMIN = 1
I POL = 0 IEWALD= 0
NTX 1 NTXO = 1
IG 71277 TEMPI = 0.00 HEAT = 0.000
NTB 0 IFTRES= 1 BOXX = 95.309
BOXY = 63.193 BOXZ = 63.237
NRUN = 1 NTT 0 TEMPO = 300.000
DTEMP = 0.000 TAUTP = 0.200 TAUTS = 0.200
ISOLVP= 0 VLIMIT= 0.000
NTP 0 PRES0 = 1.000 COMP = 44.600
TAUP = 0.200 NPSCAL= 0
NTCM = 0 NSCM = 9999999
NSTLIM= 1 INIT = 3 NTU 1
T 0.000 DT 0.00100
NTC 1 TOL 0.00050 JFASTW = 0
NTF 1 NTID = 0 NTNB = 1
NSNB = 20 IDIEL = 1 IMGSLT= 0
IPRR = 0 IPRW = 0 ITRSLU= 1
CUT 12.000 SCNB = 2.000
SCEE = 1.200 DIELC = 1.000
CUT2ND= 0.00000
NTPR = 20 NTWR = 50 NTWX = 0
NTWV = 0 NTWE = 0 NTWXM = 999999
A - ii
Appendix I: Aloe and Garlic in Waterbox -  Energy M inim isation
NTWVM = 999999 NTWEM = 999999 IOUTFM= 0
NTWPRT= 0 NTWPR0= 0
NTR = 0 NTRX = 1
TAUR = 0.00000 NMROPT= 0 ISFTRP= 0
RWELL = 1.00000 PENCUT= 0.10000
IVCAP = 0 MATCAP= 0 FCAP = 1.500
OTHER DATA:
IFCAP = 0 NATCAP= 0 CUTCAP= 0.000
XCAP = 0.000 YCAP = 0.000 ZCAP = 0.000
NATOM = 29901 NRES = 9044
MAXCYC= 200 NCYC = 10 NTMIN = 1 DX0
DXM = 0.50000 DRMS = 0.00010
Water d e f in it io n  for f a s t  tr ian gu la ted  model:
Resname = WAT ; Oxygenjiame = 0  ; Hydl_name = HI ; Hyd2_
3. ATOMIC COORDINATES AND VELOCITIES
begin time read from input coords = 0.000 ps
Number of tr ian gu lated  3-point waters found: 8823
Using 8823 waters for f a s t  wat-wat
Solu te /so lvent p o in ters :
IPTSOL= 221 NATRCM= 3432
IPTRES= 0 IPTATM= 0
NSPSOL= 9 NSPSTR= 3432
NSOLUT=2 9901 NATOM =2 9901
NB-update: NPAIRS = 9551304 HBPAIR = 2968824
NSTEP ENERGY RMS GMAX NAME
1 - 7 . 6061E+04 3 . 8227E+01 4.2806E+03 SG
BOND = 227.4906 ANGLE = 688.4243 DIHED
VDWAALS = 10485.5527 EEL = -99722.1165 HBOND
1-4 VDW = 1381.3867 1-4 EEL = 9738.2361 CONSTRAINT =
NB-update: NPAIRS = 9553456 HBPAIR = 2970804
NSTEP ENERGY RMS GMAX NAME
20 - 8 . 7686E+04 5.3602E+00 2.4587E+02 Cl
BOND = 8008.1134 ANGLE = 730.7833 DIHED
VDWAALS = 7024.1983 EEL = -115209.4171 HBOND
1-4 VDW = 994.1507 1-4 EEL = 9545.7762 CONSTRAINT =
NB-update: NPAIRS = 9560308 HBPAIR = 2971516
0.010000
name = H2
NUMBER
811
1140.4342
0.0000
0.0000
NUMBER
3409
1220.3505 
0.0000 
0.0000
A - iii
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NSTEP
40
ENERGY 
■9.4971E+04
RMS 
2 . 5509E+00
GMAX
1.3129E+02
NAME
01
BOND = 4746.8820 ANGLE = 613.4601
VDWAALS = 7646.4926 EEL = -119419.1602
1-4 VDW = 836.2897 1-4 EEL = 9364.8041
NB-update: NPAIRS -  9571445 HBPAIR = 2976484
DIHED
HBOND
CONSTRAINT =
NSTEP
60
ENERGY 
•9.9236E+04
RMS 
2 . 5488E+00
GMAX 
1 . 3380E+02
NAME
02
NUMBER
3415
1240.7012
0.0000
0.0000
NUMBER
3416
BOND = 5909.9088 ANGLE = 674.9922
VDWAALS = 8731.8271 EEL = -125862.2822
1-4 VDW = 769.8659 1-4 EEL = 9276.6673
NB-update: NPAIRS = 9581116 HBPAIR = 2980096
DIHED
HBOND
CONSTRAINT =
NSTEP
80
ENERGY 
■1.0101E+05
RMS 
1 . 9838E+00
GMAX 
1 . 3900E+02
NAME
CG
1263.0511
0.0000
0.0000
NUMBER
2639
BOND -  5723.2597 ANGLE = 632.4841
VDWAALS = 9586.9132 EEL = -128151.6975
1-4 VDW = 739.6869 1-4 EEL = 9208.5007
NB-update: NPAIRS = 9582059 HBPAIR = 2981952 
NSTEP ENERGY RMS GMAX
100 - 1 . 0223E+05 2.7366E+00 2.4556E+02
DIHED
HBOND
CONSTRAINT =
NAME
C
1254.2471
0.0000
0.0000
NUMBER
1626
BOND = 6241.5247 ANGLE = 628.3934
VDWAALS = 9942.3474 EEL = -130271.0250
1-4 VDW = 745.8234 1-4 EEL = 9239.0888
NB-update: NPAIRS = 9590842 HBPAIR = 2985548
DIHED
HBOND
CONSTRAINT =
NSTEP
120
ENERGY 
•1.0322E+05
RMS
1.8552E+00
GMAX 
1 . 6358E+02
NAME
CG
1248.3382
0.0000
0.0000
NUMBER
2639
BOND = 6140.2807 ANGLE = 610.7836
VDWAALS = 10879.2458 EEL = -131984.7853
1-4 VDW = 721.7817 1-4 EEL = 9172.5559
NB-update: NPAIRS = 9592661 HBPAIR = 2986576
DIHED
HBOND
CONSTRAINT =
NSTEP
140
ENERGY
-1.0402E+05
RMS 
2 . 0128E+00
GMAX 
1.544 4E+02
NAME
C
1242.2685
0.0000
0.0000
NUMBER
1626
BOND = 6422.2669 ANGLE = 607.6551
VDWAALS = 11098.7195 EEL = -133315.5965
1-4 VDW = 727.6751 1-4 EEL = 9204.9823
NB-update: NPAIRS = 9599234 HBPAIR = 2988992
DIHED
HBOND
CONSTRAINT =
NSTEP
160
ENERGY 
-1 .0473E+05
RMS 
1 . 7662E+00
GMAX 
1 . 6880E+02
NAME
CG
1236.8162
0.0000
0.0000
NUMBER
2639
BOND = 6455.7746 ANGLE = 600.4641 DIHED
VDWAALS = 11913.0054 EEL = -134798.4295 HBOND
1-4 VDW = 711.3898 1-4 EEL = 9153.6901 CONSTRAINT
NB-update: NPAIRS = 9603868 HBPAIR = 2991484
1232.0881
0.0000
0.0000
A - iv
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NSTEP ENERGY RMS GMAX NAME
180 1 . 0534E+05 1 . 6931E+00 1.1620E+02 C
BOND 6597.8448 ANGLE 594.3860 DIHED
VDWAALS = 12042.9350 EEL -135704.1532 HBOND
1-4 VDW = 716.7758 1-4 EEL = 9185.4055 CONSTRAINT =
NB-update: NPAIRS = 9610154 HBPAIR = 2994040
NSTEP ENERGY RMS GMAX NAME
200 1 . 0589E+05 1 . 5692E+00 1. 4512E+02 CG
BOND 6681.5137 ANGLE 591.6414 DIHED
VDWAALS = 12750.5877 EEL -136990.2306 HBOND
1-4 VDW = 704.2125 1-4 EEL = 9143.5336 CONSTRAINT =
FINAL RESULTS
NSTEP ENERGY RMS GMAX NAME
200 1 . 0589E+05 1 . 5692E+00 1.4 512E+02 CG
BOND 6681.5137 ANGLE 591.6414 DIHED
VDWAALS = 12750.5877 EEL -136990.2306 HBOND
1-4 VDW = 704.2125 1-4 EEL = 9143.5336 CONSTRAINT =
ELAPSED TIME = 442.822 TOTAL TIME 442.822
Routine Sec <X"o
P a i r l i s t 44.70 10.10
i Nonbond 378.19 85.41
| Bond 1.69 0.38
I Angle 0.74 0.17
I Dihedral 4 .11 0.93
| Shake 0.00 0.00
| Quick3 0.00 0.00
I Force 0.00 0.00
I Other 13.38 3.02
I Total 442.82 0.12 Hours
I Nonsetup 433.72 97.94%
| Setup w allclock 9 seconds
I Nonsetup w allclock 434 seconds
A -v
NUMBER
1626
1228.5508
0.0000
0.0000
NUMBER
2639
1226.4814
0.0000
0.0000
NUMBER
2639
1226.4814
0.0000
0.0000
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Scripps/UCSF 1997
Run on Fri Ju l  26 15 :16 :43  2002
ALOE MINIMISATION
Amber 5 SANDER
[ - 0 ] verwriting output
F i le  Assignments:
| MDIN 
|MDOUT 
|INPCR 
| PARM 
|RESTR 
| REFC 
|MDVEL 
| MDEN 
|MDCRD 
|MDINF
min2. in 
amwat_min. out 
prmcrd. amwat 
prmtop. amwat 
amwat_min.xyz 
prmcrd.amwat 
mdvel 
mden 
mdcrd 
mdinfo
Here i s  the input f i l e :
Minimisation with Cartesian Constraints
Scn tr l
im in=l, maxcyc=200, 
scee=1 .2 ,  cut=12.0 , 
nsnb=20, 
n tpr=20,
Send
Minimisation with Cartesian Constraints 
| Reading &cntrl namelist w/ portable  l i b
1. RESOURCE USE:
NATOM = 26634 NTYPES = 17 NBONH = 24937 MBONA = 1736
NTHETH = 3644 MTHETA = 2380 NPHIH = 6695 MPHIA = 4201
NHPARM = 0 NPARM = 0 NNB 49328 NRES 7991
NBONA = 1736 NTHETA = 2380 NPHIA = 4201 NUMBND = 42
NUMANG = 92 NPTRA = 38 NATYP = 28 NPHB 1
IFBOX = 1 NMXRS = 25 IFCAP = 0
Memory type Allocated
Real 1358414
H o ller ith  221065
Integer 623845 ( s t a t ic )
Max Nonbonded P a i r s :13977025 packed 1 to a machine word
A - vi
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2. CONTROL DATA FOR THE RUN
TIMLIM= 999999. IREST = 0 IBELLY= 0
KFORM = 1 ICHDNA= 0 IMIN = 1
I POL = 0 IEWALD= 0
NTX 1 NTXO = 1
IG 71277 TEMPI = 0.00 HEAT = 0.000
NTB 0 IFTRES= 1 BOXX = 90.413
BOXY = 60.970 BOXZ = 62.241
NRUN = 1 NTT 0 TEMPO = 300.000
DTEMP = 0.000 TAUTP = 0.200 TAUTS = 0.200
ISOLVP= 0 VLIMIT= 0.000
NTP 0 PRES0 = 1.000 COMP = 44.600
TAUP = 0.200 NPSCAL= 0
NTCM = 0 NSCM = 9999999
NSTLIM= 1 INIT = 3 NTU 1
T 0.000 DT 0.00100
NTC 1 TOL 0.00050 JFASTW = 0
NTF 1 NTID = 0 NTNB = 1
NSNB = 20 IDIEL = 1 IMGSLT- 0
IPRR = 0 IPRW = 0 ITRSLU= 1
CUT 12.000 SCNB = 2.000
SCEE = 1.200 DIELC = 1.000
CUT2ND= 0.00000
NTPR = 20 NTWR = 50 NTWX = 0
NTWV = 0 NTWE = 0 NTWXM = 999999
NTWVM = 999999 NTWEM = 999999 IOUTFM® 0
NTWPRT= 0 NTWPR0= 0
NTR 0 NTRX = 1
TAUR = 0.00000 NMROPT= 0 ISFTRP= 0
RWELL = 1.00000 PENCUT= 0.10000
IVCAP = 0 MATCAP= 0 FCAP = 1.500
THER DATA
IFCAP = 0 NATCAP= 0 CUTCAP= 0.000
XCAP = 0.000 YCAP = 0.000 ZCAP = 0.000
NATOM = 26634 NRES = 7991
MAXCYC= 200 NCYC = 10 NTMIN = 1 DX0
DXM = 0.50000 DRMS = 0.00010
Water d e f in it io n  for f a s t  tr ian gu lated  model:
Resname = WAT ; Oxygen_name = 0  ; Hydl_name = HI ; Hyd2
0.010000
name = H2
A - vii
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3. ATOMIC COORDINATES AND VELOCITIES
begin time read from input coords = 0.000 ps
Number of triangu lated  3-point waters found: 
Using 7772 waters fo r  f a s t  wat-wat
Solu te /so lvent p o in ters :
IPTSOL= 219 NATRCM= 3318
IPTRES= 0 IPTATM= 0
NSPSOL= 5 NSPSTR= 3318
NSOLUT=2 6634 NATOM =26634
NB-update: NPAIRS = 8477092 HBPAIR = 2551572
7772
NSTEP
1
ENERGY 
5 . 1905E+06
RMS 
3 . 0870E+05
GMAX 
5 . 5048E+07
NAME
C6
BOND = 222.1409 ANGLE = 685.4434
VDWAALS = 5266838.9929 EEL = -88999.7253
1-4 VDW = 1193.0897 1-4 EEL = 9368.6496
NB-update: NPAIRS = 8477491 HBPAIR = 2551524
DIHED
HBOND
CONSTRAINT =
NSTEP
20
ENERGY 
-5 .8969E+04
RMS 
5 . 6906E+01
GMAX
, 2204E+03
NAME
CG
BOND = 5906.2377 ANGLE = 1838.9815
VDWAALS = 9084.3674 EEL = -89111.2782
1-4 VDW = 2713.2872 1-4 EEL = 9375.1083
NB-update: NPAIRS = 8475887 HBPAIR = 2553336
DIHED
HBOND
CONSTRAINT =
NSTEP
40
ENERGY 
) . 0267E+04
RMS 
4 . 9963E+00
GMAX 
3 . 9426E+02
NAME
CD
BOND = 4658.3729 ANGLE = 1067.2253
VDWAALS = 6664.4823 EEL = -103963.2754
1-4 VDW = 848.7573 1-4 EEL = 9206.5744
NB-update: NPAIRS = 8486353 HBPAIR = 2554956
DIHED
HBOND
CONSTRAINT =
NSTEP
60
ENERGY
J.5230E+04
RMS 
5 . 0103E+00
GMAX
3.0121E+02
NAME
CG
BOND = 5743.5750 ANGLE = 772.2468
VDWAALS = 6997.1980 EEL = -109977.9624
1-4 VDW = 777.5967 1-4 EEL = 9244.3904
NB-update: NPAIRS = 8490602 HBPAIR = 2557760
DIHED
HBOND
CONSTRAINT =
NUMBER
3300
1217.3927
0.0000
0.0000
NUMBER
2229
1223.9353
0.0000
0.0000
NUMBER
1971
1250.7937
0.0000
0.0000
NUMBER
2229
1212.5242 
0.0000 
0.0000
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NSTEP
80
ENERGY 
5.7524E+04
RMS 
3 . 1793E+00
GMAX 
2 . 1478E+02
NAME
CD
NUMBER
120
BOND = 5216.8218 ANGLE = 729.3758
VDWAALS = 7842.3365 EEL = -112429.9119
1-4 VDW = 742.3001 1-4 EEL = 9148.3548
NB-update: NPAIRS = 8497707 HBPAIR = 2559636
DIHED
HBOND
CONSTRAINT =
1226.5785
0.0000
0.0000
NSTEP
100
ENERGY
K8896E+04
RMS 
2 . 5339E+00
GMAX 
1 . 3702E+02
NAME
C
NUMBER
2223
BOND = 5347.5319 ANGLE = 573.4609
VDWAALS = 8195.1590 EEL = -114131.9017
1-4 VDW = 726.6764 1-4 EEL = 9194.8670
NB-update: NPAIRS = 8505132 HBPAIR = 2563868
DIHED
HBOND
CONSTRAINT =
1198.3205
0.0000
0.0000
NSTEP
120
ENERGY 
). 0008E+04
RMS 
2.567 6E+00
GMAX 
2.7 903E+02
NAME
CD
NUMBER
120
BOND = 5329.3314 ANGLE = 663.8633
VDWAALS = 9323.8709 EEL = -116377.2265
1-4 VDW = 716.1927 1-4 EEL = 9123.8301
NB-update: NPAIRS = 8508010 HBPAIR = 2564408
DIHED
HBOND
CONSTRAINT =
1212.5808
0.0000
0.0000
NSTEP
140
ENERGY 
■9.0895E+04
RMS 
1 . 5794E+00
GMAX
, 3500E+01
NAME
CD
NUMBER
120
BOND = 5478.9376 ANGLE = 525.7446
VDWAALS = 9448.6798 EEL = -117413.1129
1-4 VDW = 707.5458 1-4 EEL = 9167.7344
NB-update: NPAIRS = 8510717 HBPAIR = 2567432
DIHED
HBOND
CONSTRAINT =
1189.5451
0.0000
0.0000
NSTEP
160
ENERGY 
•9.1619E+04
RMS 
1.987 6E+00
GMAX 
1 . 6391E+02
NAME
CD
NUMBER
120
BOND = 5623.6320 ANGLE = 609.0648
VDWAALS = 10406.1162 EEL = -119284.4989
1-4 VDW = 703.7642 1-4 EEL = 9119.0804
NB-update: NPAIRS = 8515076 HBPAIR = 2568772
DIHED
HBOND
CONSTRAINT =
1203.6971 
0.0000 
0.0000
NSTEP
180
ENERGY 
-9 .2253E+04
RMS
1.4340E+00
GMAX 
9 . 8745E+01
NAME
CD
NUMBER
120
BOND = 5733.3924 ANGLE = 516.9744 DIHED
VDWAALS = 10497.5070 EEL = -120041.2451 HBOND
1-4 VDW = 698.4959 1-4 EEL = 9151.9963 CONSTRAINT
NB-update: NPAIRS = 8519654 HBPAIR = 2572156
1189.5576
0.0000
0.0000
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NSTEP ENERGY RMS GMAX NAME
200 9.282 6E+04 1 . 8540E+00 1 . 5373E+02 CD
BOND 5831.0377 ANGLE 583.5625 DIHED
VDWAALS = 11284.9115 EEL -121536.7166 HBOND
1-4 VDW = 696.8976 1- 4 EEL = 9113.9252 CONSTRAINT =
MAXIMUM NUMBER OF F EVALUATION EXCEEDED
FINAL RESULTS
NSTEP ENERGY RMS GMAX NAME
200 9 . 2826E+04 1 . 8540E+00 1 . 5373E+02 CD
BOND 5831.0377 ANGLE 583.5625 DIHED
VDWAALS = 11284.9115 EEL -121536.7166 HBOND
1-4 VDW = 696.8976 1-■4 EEL = 9113.9252 CONSTRAINT =
ELAPSED TIME = 389.506 TOTAL TIME 389.506
Routine Sec Q.'O
P a i r l i s t 37.43 9. 61
Nonbond 335.98 86.26
Bond 1.52 0.39
Angle 0.73 0.19
Dihedral 3.39 0.87
Shake 0.00 0 . 0 0
Quick3 0 . 0 0 0 . 0 0
Force 0 . 0 0 0 . 0 0
Other 10.47 2.69
Total 389.51 0.11 Hours
Nonsetup 382.47 98.19%
Setup w allclock 
Nonsetup w allclock
7 seconds 
383 seconds
NUMBER
120
1200.0640
0.0000
0.0000
NUMBER
120
1200.0640
0.0000
0.0000
A -x
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A ppend ix I I : Aloe and G arlic in Waterbox -  Molecular Dynamics
INPUT FILES
Warm up and equilibration
&cntrla
scee=1 .2 , cu t=9 .0 ,
ntc=2, n tf=2 , t o l = 0 . 00001,
n t t = l ,
tempi=0.0, temp0=298.0 ,  tau tp=0.2 ,
ntb=2, ntp=2, n p scal= l ,
ntpr=1000, ntwr=2000, ntwx=50,
v lim it=20,
nsnb=20,
nmropt=l,
&end
&wt
type='TEMPO 1, is te p l= 0 ,  istep2=500, ***warm up
valu el=100 .0 , value2=300.0 ,
&end
&wt
type= ' TEMPO’ , is te p l= 5 0 1 ,  istep2=2500, * * * e q u ilib r a t io n
v alu el=300 .0 ,  value2=300.0 ,
&end 
&wt 
type=' END' ,
&end
&rst
ia t= 0 ,
Send
MD
&cntrl
imin=0, nstlim=250000, d t=0 .001 , ***p ro d u ctio n  run
scee=1 .2 ,  cu t=9 .0 ,
i r e s t = l ,  in ±t=4 , ntx=7,
ntc=2, n tf=2 , t o l = 0 . 00001,
n t t = l ,
temp0=298.0, tau tp=0.2 ,
ntb=2, ntp=2, np scal= l ,
ntpr=50000, ntwr=50000, ntwx=25000,
vlim it=20,
nsnb=20,
&end
&wt
A - xi
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OUTPUT
GARLIC 298K  MD
Amber 5 SANDER Scripps/UCSF 1997 
Run on Fri  Ju l  26 16 :49 :23  2002
[-O v erw rit in g  output
F i le  Assignments:
IMDIN : 298K.in 
IMDOUT: gmwat_298K.out 
|INPCR: gmwat_warm.xyz 
I PARM : prmtop.gmwat 
IRESTR: gmwat_298K.xyz 
|REFC : prmcrd. gmwat 
|MDVEL: mdvel 
|MDEN : mden 
|MDCRD: mdcrd 
IMDINF: mdinfo
Here i s  the input f i l e :
MD
&cntrl
imin=0, nstlim=250000, d t=0 .001 , 
scee=1 .2 ,  cu t=9 .0 , 
i r e s t = l ,  in i t= 4 ,  ntx=7, 
ntc=2, n tf=2 , t o l = 0 . 00001, 
n t t = l ,
temp0=298.0 , tau tp=0.2 , 
ntb=2, ntp=2, n p scal= l ,  
ntpr=5000, ntwr=50000, ntwx=25000, 
v lim it=20, 
nsnb=20, 
send 
&wt
MD
I Reading Scn tr l  namelist w/ portable l i b
1. RESOURCE USE:
NATOM = 29901 NTYPES = 17 NBONH = 28139 MBONA = 1797
NTHETH = 3746 MTHETA = 2450 NPHIH = 6879 MPHIA = 4286
NHPARM = 0 NPARM = 0 NNB 54078 NRES 9044
NBONA = 1797 NTHETA = 2450 NPHIA = 4286 NUMBND = 41
NUMANG = 91 NPTRA = 36 NATYP = 28 NPHB 1
IFBOX = 1 NMXRS = 26 IFCAP = 0
Memory type 
Real
H o ller ith
Integer
A llocated
1076507
248254
681723 ( s t a t i c )
Max Nonbonded P a irs :  6619845 packed 1 to a machine word
BOX TYPE: RECTILINEAR
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2. CONTROL DATA FOR THE RUN
TIMLIM® 999999. IREST = 1 IBELLY® 0
KFORM = 1 ICHDNA® 0 IMIN = 0
IPOL = 0 IEWALD® 0
NTX 7 NTXO = 1
IG 71277 TEMPI = 0.00 HEAT = 0.000
NTB 2 IFTRES= 1 BOXX = 95.309
BOXY = 63.193 BOXZ = 63.237
NRUN = 1 NTT 1 TEMPO = 298.000
DTEMP = 0.000 TAUTP = 0.200 TAUTS = 0.200
ISOLVP= 0 VLIMIT® 20.000
NTP 2 PRES0 = 1.000 COMP = 44.600
TAUP = 0.200 NPSCAL® 1
NTCM - 0 NSCM = 9999999
NSTLIM=* * *** INIT = 4 NTU 1
T 0.000 DT 0.00100
NTC 2 TOL 0.00001 JFASTW = 0
NTF 2 NTID = 0 NTNB = 1
NSNB = 20 IDIEL = 1 IMGSLT® 0
IPRR = 0 IPRW = 0 ITRSLU® 1
CUT 9.000 SCNB = 2.000
SCEE = 1.200 DIELC = 1.000
CUT2ND® 0.00000
NTPR = 5000 NTWR = 50000 NTWX = 25000
NTWV = 0 NTWE = 0 NTWXM = 999999
NTWVM = 999999 NTWEM = 999999 IOUTFM® 0
NTWPRT® 0 NTWPR0= 0
NTR 0 NTRX = 1
TAUR = 0.00000 NMROPT= 0 ISFTRP= 0
RWELL = 1.00000 PENCUT® 0.10000
IVCAP = 0 MATCAP= 0 FCAP = 1.500
THER DATA
IFCAP = 0 NATCAP= 0 CUTCAP® 0.000
XCAP = 0.000 YCAP = 0.000 ZCAP = 0.000
NATOM = 29901 NRES = 9044
Water d e f in it io n  for  f a s t  tr ian gu lated  model:
Resname = WAT ; Oxygen_name = 0  ; Hydl_name = Hi ; Hyd2_name = H2
3. ATOMIC COORDINATES AND VELOCITIES
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NEW BOX DIMENSIONS from inpcrd f i l e :
X = 92.77492 Y = 63.26014 Z = 63.67741
begin time read from input coords = 2.500 ps
Number of tr iangulated 3-point waters found: 8823
Using 8823 waters :for f a s t wat-wat
Solu te /so lvent p o in ters :
IPTSOL= 221 NATRCM= 3432
IPTRES= 0 IPTATM= 0
NSPSOL= 9 NSPSTR= 3432
NSOLUT=29901 NATOM =29901
NB-update: NPAIRS = 5047191 HBPAIR = 1472364
NSTEP = 1 TIME(PS) = 2.,501 TEMP(K) = 301.51 PRESS 20.40
Etot = -70685.2671 EKtot = 18443.3627 EPtot = -89128.6298
BOND = 460.4045 ANGLE = 1325.1392 DIHED = 1516.9485
1-4 NB = 806.2229 1-4 EEL - 9236.3769 VDWAALS = 10781.0388
EELEC = -113254.7606 EHBOND = 0.0000 CONSTRAINT = 0.0000
EKCMT = 8421.9754 VIRIAL = 8257.3926 VOLUME = 373719.8122
Density = 0.8176
NSTEP = 50000 TIME(PS) = 52,.500 TEMP(K) = 305.80 PRESS 107.25
Etot = -74280.5316 EKtot = 18705.8079 EPtot = -92986.3395
BOND = 549.6160 ANGLE = 1510.8256 DIHED = 1402.8113
1-4 NB = 763.4524 1-4 EEL = 9213.5940 VDWAALS = 10569.4935
EELEC = -116996.1323 EHBOND = 0.0000 CONSTRAINT = 0.0000
EKCMT = 8288.6040 VIRIAL = 7597.9485 VOLUME = 298264.3552
Density = 1.0244
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0 .006241 ETOT(AT X=0) = - 7 . 407E+04
NSTEP =100000 TIME(PS) = 102 .500 TEMP(K) = 304.09 PRESS -61 .0 9
Etot = -74247.3046 EKtot = 18601.2961 EPtot = -92848.6007
BOND = 557.7756 ANGLE = 1497.8655 DIHED = 1384.5917
1-4 NB = 763.9749 1-4 EEL = 9282.5556 VDWAALS = 10807.4682
EELEC = -117142.8323 EHBOND = 0.0000 CONSTRAINT = 0.0000
EKCMT = 8215.2199 VIRIAL = 8609.7633 VOLUME = 299139.6403
Density = 1.0214
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0 .006951 ETOT(AT X=0) =: - 7 . 420E+04
NSTEP =150000 TIME(PS) = 152 .500 TEMP(K) = 303.87 PRESS, = 46.23
Etot = -74420.8235 EKtot = 18587.8366 EPtot = -93008.6601
BOND = 552.7066 ANGLE = 1554.7483 DIHED = 1403.3457
1-4 NB = 758.9886 1-4 EEL - 9286.7385 VDWAALS = 10660.3590
EELEC = -117225.5469 EHBOND = 0.0000 CONSTRAINT = 0.0000
EKCMT = 8255.1164 VIRIAL = 7957.3335 VOLUME = 298362.2730
Density 1.0241
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RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = 0.007488 ETOT(AT X=0) = -7.434E+04
NSTEP =200000 TIME(PS) 202.500
Etot = -74507.0676 EKtot
BOND = 548.6881 ANGLE
1-4 NB = 776.8141 1-4 EEL
EELEC = -117446.3368 EHBOND 
EKCMT = 8237.1129 VIRIAL
TEMP(K) = 
18655.0084 
1538.3410 
9285.6775 
0.0000 
8348.2517
304.97 PRESS = -17 .23
EPtOt 
DIHED 
VDWAALS 
CONSTRAINT = 
VOLUME
Density —
-93162.0760 
1416.3857 
10718.3546 
0.0000 
298829.2466
1.0225
RESULT OF LEAST SQUARE FIT QVER25000 STEPS
ENERGY DRIFT PER STEP = -0 .006845 ETOT(AT X=0) = -7 . 426E+04
NSTEP =250000 TIME(PS ) = 252.500 TEMP(K) = 305.71 PRESS -46 .96
Etot -74325.7800 EKtot 18700.3518 EPtOt = -93026.1318
BOND 537.5634 ANGLE 1523.8667 DIHED = 1403.4595
1-4 NB = 764.5216 1-4 EEL = 9313.8739 VDWAALS = 10678.6307
EELEC = -117248.0476 EHBOND = 0.0000 CONSTRAINT = 0.0000
EKCMT = 8224.3807 VIRIAL = 8528.6835 VOLUME = 300134.9720
Density = 1.0180
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = 0 .000224 ETOT(AT X=0) = - 7 . 445E+04
A V E R A G E S O V E R  * * * * *  S T E P S
NSTEP =250000 TIME(PS) = 252.500 TEMP(K) = 304.91 PRESS -2 .9 3
Etot -74188.5953 EKtot 18651.1283 EPtot = -92839.7236
BOND 540.4617 ANGLE 1511.7847 DIHED = 1412.1244
1-4 NB = 771.6941 1-4 EEL = 9253.5695 VDWAALS = 10681.0770
EELEC = -117010.4350 EHBOND = 0.0000 CONSTRAINT = 0.0000
EKCMT = 8222.8729 VIRIAL = 8244.8715 VOLUME = 300434.9791
Density = 1.0175
R M S F L U C T U A T I O N S
NSTEP =250000 TIME(PS) = 252.500 TEMP(K) = 1.31 PRESS 94.20
Etot = 448.6261 EKtot 79.9621 EPtot = 453.3525
BOND 20.7932 ANGLE 35.5931 DIHED - 19.9909
1-4 NB = 11.7287 1-4 EEL = 54.9766 VDWAALS = 115.2357
EELEC = 546.7851 EHBOND = 0.0000 CONSTRAINT = 0.0000
EKCMT = 67.5902 VIRIAL = 629.5419 VOLUME = 7231.4672
Density = 0.0211
1 ELAPSED TIME = 535900.919 TOTAL TIME = 535900.919
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Routine Sec "6
P a i r l i s t 137426.37 25.64
Nonbond 379126.82 70.75
Bond 196.56 0.04
Angle 1102.71 0.21
Dihedral 4940.51 0.92
Shake 5571.73 1.04
Quick3 0.00 0.00
Force 0.00 0.00
Other 7536.22 1.41
Total 535900.92 148.86 Hours
Nonsetup 535891.55 100.00%
Setup w allclock 10 seconds
Nonsetup w allclock 542140 seconds
ALOE 298K  MD
Amber 5 SANDER Scripps/UCSF 1997 
Run on Mon Aug 19 16 :49 :30  2002
[ - 0 ] verwriting output
F i le  Assignments:
IMDIN : 298K. i n  
(MDOUT: amwat_298K.out 
|INPCR: amwat_warm.xyz 
IPARM : prmtop. amwat 
IRESTR: amwat_298K.xyz 
|REFC : prmcrd.amwat 
|MDVEL: mdvel 
|MDEN : mden 
|MDCRD: mdcrd 
IMDINF: mdinfo
Here i s  the input f i l e :
MD
&cntrl
imin=0, nstlim=250000, d t=0 .001 , 
scee=1 .2 , cu t=9 .0 , 
i r e s t = l ,  in i t= 4 ,  ntx=7, 
ntc=2, n tf=2 , t o l = 0 .00001, 
n t t = l ,
temp0=298.0, tautp=0.2 ,
ntb=2, ntp=2, n p scal= l ,
ntpr=50000, ntwr=50000, ntwx=25000,
v lim it=20,
nsnb=20,
&end
&wt
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I Reading &cntrl namelist w/ portable  l i b
1. RESOURCE USE:
NATOM = 26634 NTYPES = 17 NBONH = 24937 MBONA
NTHETH = 3644 MTHETA = 2380 NPHIH = 6695 MPHIA
NHPARM = 0 NPARM = 0 NNB 49328 NRES
NBONA = 1736 NTHETA = 2380 NPHIA = 4201 NUMBND
NUMANG = 92 NPTRA = 38 NATYP = 28 NPHB
IFBOX = 1 NMXRS = 25 IFCAP = 0
| Memory type A llocated
j Real 958899
| H o ller ith  221065
I In teger 623845 ( s t a t i c )
( Max Nonbonded P a irs :  5896557 packed 1 to  a machine word
BOX TYPE: RECTILINEAR
2. CONTROL DATA FOR THE RUN
TIMLIM= 999999. IREST = 1 IBELLY= 0
KFORM = 1 ICHDNA= 0 IMIN = 0
I POL = 0 IEWALD= 0
NTX 7 NTXO = 1
IG 71277 TEMPI = 0.00 HEAT = 0.000
NTB 2 IFTRES= 1 BOXX = 90.413
BOXY = 60.970 BOXZ = 62.241
NRUN = 1 NTT 1 TEMPO = 298.000
DTEMP = 0.000 TAUTP = 0.200 TAUTS - 0.200
ISOLVP= 0 VLIMIT= 20.000
NTP 2 PRES0 = 1.000 COMP = 44.600
TAUP = 0.200 NPSCAL= 1
NTCM = 0 NSCM = 9999999
NSTLIM=***** INIT = 4 NTU 1
T 0.000 DT 0.00100
NTC 2 TOL 0.00001 JFASTW = 0
NTF 2 NTID = 0 NTNB = 1
NSNB = 20 IDIEL = 1 IMGSLT= 0
IPRR = 0 IPRW = 0 ITRSLU= 1
CUT 9.000 SCNB = 2.000
SCEE = 1.200 DIELC = 1.000
CUT2ND= 0.00000
NTPR = 50000 NTWR = 50000 NTWX = 25000
1736
4201
7991
42
1
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NTWV = 0
NTWVM = 999999
NTWPRT= 0
NTWE = 0
NTWEM = 999999
NTWPR0= 0
NTWXM = 999999
IOUTFM= 0
NTR
TAUR = 
RWELL -
IVCAP =
OTHER DATA:
IFCAP = 
XCAP =
0.00000
1.00000
0
0.000
NTRX = 
NMROPT= 
PENCUT=
MATCAP=
NATCAP= 
YCAP =
0 ISFTRP=
0.10000
FCAP =
0
0.000
CUTCAP= 
ZCAP =
1.500
0.000
0.000
NATOM = 26634 NRES = 7991
Water d e f in it io n  for f a s t  tr ian gu la ted  model:
Resname = WAT ; Oxygen_name = 0 ; Hydl_name = HI ; Hyd2_name = H2
3. ATOMIC COORDINATES AND VELOCITIES
NEW BOX DIMENSIONS from inpcrd f i l e :
X = 88.36753 Y = 58.56479 Z = 61.10773
begin time read from input coords = 2.500 ps
Number of triangu lated  3-point waters found: 
Using 7772 waters for  f a s t  wat-wat
So lu te /so lven t p o in ters :
IPTSOL= 219 NATRCM= 3318
IPTRES= 0 IPTATM= 0
NSPSOL= 5 NSPSTR= 3318
NSOLUT=2 6634 NATOM =2 6634
NB-update: NPAIRS = 4592233 HBPAIR = 1307852
7772
NSTEP * 1 TIME(PS) 2.,501 TEMP(K) = 304.53 PRESS -446 .76
Etot = -61778.0931 EKtot = 16631.3022 EPtot = -78409.3953
BOND = 403.0211 ANGLE 1212.7589 DIHED = 1460.6142
1-4 NB = 768.5367 1-4 EEL = 9088.3495 VDWAALS = 8837.8903
EELEC = -100180.5660 EHBOND = 0.0000 CONSTRAINT = 0.0000
EKCMT = 7385.9575 VIRIAL = 10436.5326 VOLUME = 316246.3438
Density 0.8617
NSTEP = 50000 TIME(PS) 52,.500 TEMP(K) = 302.44 DRESS -15 .54
Etot = -64653.5011 EKtot = 16517.3316 EPtot = -81170.8326
BOND = 508.3824 ANGLE = 1460.3424 DIHED = 1421.7421
1-4 NB = 731.8452 1-4 EEL = 9086.9895 VDWAALS = 9176.4138
EELEC = -103556.5480 EHBOND = 0.0000 CONSTRAINT = 0.0000
EKCMT = 7147.1575 VIRIAL = 7236.6895 VOLUME = 266809.1811
Density = 1.0213
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RESULT OF LEAST SQUARE FIT OVER50000 STEPS
ENERGY DRIFT PER STEP = 0.034664 ETOT(AT X=0) = ■6.512E+04
NSTEP =100000 TIME(PS) = 102.500 TEMP(K) = 301.93 PRESS = -8 .3 7
Etot = -64624.8162 EKtot = 16489.3872
BOND = 510.8399 ANGLE = 1438.9918
1-4 NB = 765.3279 1-4 EEL = 9059.2080
EELEC = -103490.2039 EHBOND = 0.0000
EKCMT = 7211.5221 VIRIAL = 7259.7504
EPtot 
DIHED 
VDWAALS 
CONSTRAINT = 
VOLUME 
Density =
-81114.2034
1404.5005
9197.1324
0.0000
266757.0588
1.0215
RESULT OF LEAST SQUARE FIT OVER50000 STEPS
ENERGY DRIFT PER STEP = 0.000152 ETOT(AT X=0) = -6.450E+04
NSTEP =150000 TIME(PS) = 152.500 TEMP(K) = 302.03 PRESS = -63 .37
Etot = -64686.5488 EKtot = 16494.6343
BOND = 534.1620 ANGLE = 1461.9956
1-4 NB = 735.5279 1-4 EEL = 9024.7092
EELEC = -103401.2217 EHBOND = 0.0000
EKCMT = 7264.3748 VIRIAL = 7630.0992
EPtot 
DIHED 
VDWAALS 
CONSTRAINT = 
VOLUME
Density =
-81181.1831
1361.3145
9102.3294
0.0000
267298.3915
1.0195
RESULT OF LEAST SQUARE FIT OVER50000 STEPS
ENERGY DRIFT PER STEP = -0.000994 ETOT(AT X=0) = -6.458E+04
NSTEP =200000 TIME(PS) = 202.500 TEMP(K) = 303.40 PRESS = -31 .82
Etot = -64609.9755 EKtot = 16569.7773
BOND = 522.1082 ANGLE = 1439.8969
1-4 NB = 744.1798 1-4 EEL = 9118.4364
EELEC = -103384.6825 EHBOND = 0.0000
EKCMT = 7218.8555 VIRIAL = 7401.8604
EPtot 
DIHED 
VDWAALS 
CONSTRAINT = 
VOLUME 
Density =
-81179.7529 
1355.4667 
9024.8416 
0.0000 
266368.6950 
1.0230
RESULT OF LEAST SQUARE FIT OVER50000 STEPS 
ENERGY DRIFT PER STEP = 0.002086
NSTEP =250000 TIME(PS) = 252.500 TEMP(K) =
Etot = -64577.8737 EKtot = 16556.9273
BOND = 509.3437 ANGLE = 1440.3230
1-4 NB = 751.4135 1-4 EEL = 9122.1719
EELEC = -103600.9978 EHBOND = 0.0000
EKCMT = 7267.2203 VIRIAL = 6403.8175
ETOT(AT X=0) = -6.463E+04 
303.17 PRESS = 149.67
EPtot = -81134.8009
DIHED = 1396.4495
VDWAALS = 9246.4953
CONSTRAINT = 0.0000
VOLUME = 267183.6864
Density = 1.0199
RESULT OF LEAST SQUARE FIT OVER50000 STEPS
ENERGY DRIFT PER STEP = -0 .002382 ETOT(AT X=0) ■6.450E+04
A V E R A G E S  O V E R  * * * * *  S T E P S
NSTEP =250000 TIME(PS) = 252.500 TEMP(K) = 303.83 PRESS = -2 .02
Etot = -64498.3663 EKtot
BOND = 501.4153 ANGLE
1-4 NB = 748.6971 1-4 EEL =
EELEC = -103336.4079 EHBOND =
EKCMT = 7274.1713 VIRIAL =
16592.9871 EPtot
1429.9762 
9078.9209 
0.0000 
7287.3769
DIHED
VDWAALS
CONSTRAINT
VOLUME
Density
-81091.3534 
1395.3938 
9090.6512 
0.0000 
267674.2051 
1.0182
R M S  F L U C T U A T I O N S
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NSTEP =250000 TIME(PS) = 252.500
Etot
BOND
1-4 NB = 
EELEC = 
EKCMT =
280.7035 EKtot 
20.2437 ANGLE
11.0582 1-4 EEL
362.1200 EHBOND
65.4659 VIRIAL
TEMP(K) = 
76.3719 
34.2800 
37.8317 
0.0000 
560.9600
1.40 PRESS = 
EPtot 
DIHED 
VDWAALS 
CONSTRAINT = 
VOLUME
Density =
94.26 
284.2607 
19.4142 
106.6844 
0.0000 
3953.1782 
0.0135
ELAPSED TIME = 267372.708 TOTAL TIME = 267372.708
Routine Sec %
P a i r l i s t 55259.99 20.67
Nonbond 201491.24 75.36
Bond 120.20 0.04
Angle 638.01 0.24
Dihedral 2805.39 1.05
Shake 2873.81 1.07
0uick3 0.00 0.00
Force 0.00 0.00
Other 4184.08 1.56
Total 267372.71 74.27 :
Nonsetup 267368.45 100.00%
Setup w allclock 
Nonsetup w allclock
5 seconds 
267532 seconds
A - xx
Appendix III: m lAchR Simulated Annealing and Molecular Dynamics
A ppendix III: m lAchR - Molecular Dynamics
A) receptor alone
Amber 5 SANDER
[-0 ]verwriting output
F i le  Assignments:
|MDIN : MD_V2DD.in 
IMDOUT: newMlt_298K.out 
IINPCR: newMlt_warm.xyz 
|PARM : prmtop.newMlt 
1RESTR: newMlt_298K.xyz 
|REFC : prmcrd.newMlt 
|MDVEL: mdvel 
|MDEN : mden 
|MDCRD: mdcrd 
IMDINF: mdinfo
Scripps/UCSF 1997 
Run on Mon Sep 8 14:04:02 2003
Here i s  the input f i l e :
Simulaten annealing with Cartesian Constraints
&cntrl
imin=0, ntx=l,
ntpr=2500, ntwr=25000, ntwx=2500,
scee=1.2, id ie l=0 , cut=12.0,
nstlim=250000,
temp0=300, ntt=4,
dt=0.001,
ntc=3, ntf=3,
nsnb=20,
&end
Simulaten annealing with Cartesian Constraints
Reading &cntrl namelist w/ portable l ib
1. RESOURCE USE:
NATOM = 5091 NTYPES = 14 NBONH = 2582 MBONA = 2578
NTHETH = 5802 MTHETA = 3518 NPHIH = 10418 MPHIA = 6188
NHPARM = 0 NPARM = 0 NNB 28162 NRES 311
NBONA = 2578 NTHETA = 3518 NPHIA = 6188 NUMBND = 44
NUMANG = 92 NPTRA » 35 NATYP = 29 NPHB 0
IFBOX = 0 NMXRS = 24 IFCAP = 0
Memory type 
Real
H ollerith
Integer
Allocated 
183381 
41041 
305935 (s ta t ic )
Max Nonbonded Pairs: 2671661 packed 1 to a machine word
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2. CONTROL DATA FOR THE RUN
TIMLIM= 999999. IREST = 0 IBELLY= 0
KFORM = 1 ICHDNA= 0 IMIN = 0
I POL = 0 IEWALD= 0
NTX 1 NTXO = 1
IG 71277 TEMPI = 0.00 HEAT = 0.000
NTB 0 IFTRES= 1 BOXX = 0.000
BOXY = 0.000 BOXZ = 0.000
NRUN = 1 NTT 4 TEMPO = 300.000
DTEMP = 0.000 TAUTP = 0.200 TAUTS = 0.200
ISOLVP= 0 VLIMIT= 0.000
NTP 0 PRES0 = 1.000 COMP = 44.600
TAUP = 0.200 NPSCAL= 0
NTCM = 0 NSCM = 9999999
NSTLIM=***** INIT = 3 NTU 1
T 0.000 DT 0.00100
NTC 3 TOL 0.00050 JFASTW = 0
NTF 3 NTID = 0 NTNB = 1
NSNB = 20 IDIEL = 0 IMGSLT= 0
IPRR « 0 IPRW = 0 ITRSLU= 1
CUT 12.000 SCNB = 2.000
SCEE = 1.200 DIELC = 1.000
CUT2ND= 0.00000
NTPR = 2500 NTWR = 25000 NTWX = 2500
NTWV = 0 NTWE = 0 NTWXM = 999999
NTWVM = 999999 NTWEM = 999999 IOUTFM= 0
NTWPRT= 0 NTWPR0= 0
NTR 0 NTRX = 1
TAUR = 0.00000 NMROPT= 0 ISFTRP= 0
RWELL = 1.00000 PENCUT= 0.10000
IVCAP = 0 MATCAP= 0 FCAP = 1.500
IHER DATA:
IFCAP = 0 NATCAP= 0 CUTCAP= 0.000
XCAP = 0.000 YCAP « 0. 000 ZCAP = 0.000
NATOM = 5091 NRES = 311
Water d efin it ion  for fa s t  triangulated model:
Resname = WAT ; Oxygenjname = 0 ; Hydl_name = Hi ; Hyd2_name = H2
3. ATOMIC COORDINATES AND VELOCITIES
begin time read from input coords = 10.000 ps
Number of triangulated 3-point waters found: 0
Solute/solvent pointers:
IPTSOL= 311 NATRCM= 5091
IPTRES= 0 IPTATM= 0
NSPSOL= 0 NSPSTR= 0
NSOLUT= 5091 NATOM = 5091
KE Trans = 0.0000 KE Rot = 0.0000
NB-update: NPAIRS = 2459586 HBPAIR = 0
NSTEP = 0 TIME(PS) = 10.000 TEMP(K) =
Etot = -1716.2277 EKtot = 0.0000
BOND = 0.0000 ANGLE = 2373.3838
1-4 NB = 1369.1352 1-4 EEL = 3017.7267
EELEC = -8270.3001 EHBOND = 0.0000
C.O.M. Vel 0.000000
0.00 PRESS = 0.00
EPtot = -1716.2277
DIHED = 1944.9361
VDWAALS = -2151.1093
CONSTRAINT = 0.0000
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NSTEP = 25000 TIME(PS) = 35.000 TEMP(K) =
Etot = 1123.8343 EKtot = 3024.9810
BOND = 0.0000 ANGLE = 2450.9990
1-4 NB = 1362.3376 1-4 EEL = 3016.0722
EELEC = -8413.7790 EHBOND = 0.0000
301.05 PRESS = 0.00
EPtot = -1901.1468
DIHED = 1952.6364
VDWAALS = -2269.4130
CONSTRAINT = 0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0.003281 ETOT(AT X=0) = 1 .247E+03
NSTEP = 50000 TIME(PS) = 60.000 TEMP(K) = 298.96 PRESS = 0.00
Etot = 1073.1945 EKtot = 3003.9880 EPtot = -1930.7935
BOND = 0.0000 ANGLE = 2457.9578 DIHED = 1901.6236
1-4 NB = 1366.6572 1-4 EEL = 3076.9097 VDWAALS = -2190.3444
EELEC = -8543.5974 EHBOND = 0.0000 CONSTRAINT = 0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0.003690 ETOT(AT X=0) 1 . 127E+03
NSTEP = 75000 TIME(PS) = 85.000 TEMP(K) =
Etot = 952.2662 EKtot = 3014.8427
BOND = 0.0000 ANGLE = 2441.9599
1-4 NB = 1355.8744 1-4 EEL = 3079.0956
EELEC = -8584.2618 EHBOND = 0.0000
300.04 PRESS
EPtot
DIHED
VDWAALS
CONSTRAINT =
0.00 
-2062.5765 
1899.6544 
-2254.8991 
0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS 
ENERGY DRIFT PER STEP = -0.001375 ETOT(AT X=0) = 1 .048E+03
NSTEP =100000 TIME(PS) = 110.000 TEMP(K) =
Etot = 1099.6973 EKtot = 3021.4114
BOND = 0.0000 ANGLE = 2494.4748
1-4 NB = 1366.3104 1-4 EEL = 3034.5925
EELEC = -8525.7416 EHBOND = 0.0000
300.69 PRESS = 0.00
EPtot = -1921.7141
DIHED = 1940.8289
VDWAALS = -2232.1790
CONSTRAINT = 0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0.000610 ETOT(AT X=0) 1 . 008E+03
NSTEP =125000 TIME(PS) = 135.000 TEMP(K) = 300.58 PRESS = 0.00
Etot = 1057.6045 EKtot = 3020.3150 EPtot = -1962.7106
BOND = 0.0000 ANGLE = 2447.8883 DIHED = 1959.3612
1-4 NB = 1381.2212 1-4 EEL = 3084.6805 VDWAALS = -2242.3019
EELEC = -8593.5599 EHBOND = 0.0000 CONSTRAINT = 0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS 
ENERGY DRIFT PER STEP = -0.000517 ETOT(AT X=0) = 9 . 923E+02
NSTEP =150000 TIME(PS) = 160.000 TEMP(K) =
Etot = 893.5310 EKtot = 3013.7311
BOND = 0.0000 ANGLE = 2424.0928
1-4 NB = 1349.5097 1-4 EEL = 3057.8599
EELEC = -8625.5855 EHBOND = 0.0000
299.93 PRESS = 0.00
EPtot = -2120.2001
DIHED = 1895.4969
VDWAALS = -2221.5739
CONSTRAINT = 0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0.000721 ETOT(AT X=0)
NSTEP =175000 TIME(PS) = 185.000 TEMP(K) = 298.73 PRESS
Etot = 950.3532 EKtot = 3001.6885 EPtot
BOND = 0.0000 ANGLE = 2425.0757 DIHED
1-4 NB = 1372.3508 1-4 EEL = 3084.4931 VDWAALS
EELEC = -8617.9324 EHBOND = 0.0000 CONSTRAINT =
= 9 . 888E+02
0.00 
-2051.3353 
1918.3500 
-2233. 6724 
0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = 0.000156 ETOT(AT X=0! = 9 . 645E+02
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NSTEP =200000 TIME(PS)
Etot 
BOND 
1-4 NB = 
EELEC =
1042.7386 
0.0000
1366.4659 
-8608.8336
= 210.000 
EKtot 
ANGLE 
1-4 EEL = 
EHBOND =
TEMP (I<) = 
3016.4767 
2500.1735 
3063.3606 
0.0000
300.20 PRESS =
EPtot
DIHED
VDWAALS
CONSTRAINT =
0.00 
1973.7381 
1927.7626 
■2222. 6670 
0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0.001077 ETOT(AT X=0) = 9 .722E+02
NSTEP =225000 TIME(PS) = 235.000 TEMP(K) =
Etot .= 916.7521 EKtot = 3012.5519
BOND = 0.0000 ANGLE = 2483.6788
1-4 NB = 1367.6451 1-4 EEL = 3052.6450
EELEC = -8678.2081 EHBOND = 0.0000
299.81 PRESS =
EPtot
DIHED
VDWAALS
CONSTRAINT =
0.00
2095.7997
1903.8056
2225.3661
0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0.000584 ETOT(AT X=0) = 9 . 602E+02
NSTEP =250000 TIME(PS) = 260.000 TEMP(K) =
Etot = 913.6504 EKtot = 3022.0602
BOND = 0.0000 ANGLE = 2500.7005
1-4 NB = 1338.1401 1-4 EEL = 3070.8309
EELEC = -8654.2542 EHBOND = 0.0000
300.76 
EPtot 
DIHED 
VDWAALS 
CONSTRAINT
PRESS 0.00
-2108.4098
1905.3994
-2269.2264
0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = 0.000182 ETOT(AT X=0) = 9 . 450E+02
A V E R A G E S  O V E R  * * * * *  S T E P S
NSTEP =250000 TIME(PS) = 260.000 TEMP(K) = 300.00
Etot = 1010.8532 EKtot = 3014.4911 EPtot
BOND = 0.0000 ANGLE = 2479.1410 DIHED
1-4 NB = 1356.3679 1-4 EEL = 3046.9724 VDWAALS
EELEC = -8557.8415 EHBOND = 0.0000 CONSTRAINT =
PRESS = 0.00
-2003.6380 
1911.9373 
-2240.2150 
0.0000
R M S  F L U C T U A T I O N S
NSTEP =250000 TIME(PS) = 260.000 TEMP(K) =
Etot = 91.3850 EKtot = 31.0940
BOND = 0.0000 ANGLE = 37.2474
1-4 NB = 13.2811 1-4 EEL = 27.6386
EELEC = 79.7120 EHBOND = 0.0000
3.09 PRESS = 
EPtot 
DIHED 
VDWAALS 
CONSTRAINT =
0.00 
86.8190 
23.0096 
33.4963 
0.0000
ELAPSED TIME = 80701.628 TOTAL TIME = 80701.628
Routine Sec o_
P a ir l i s t 3157.73 3.91
Nonbond 71473.55 88 .57
Bond 0.00 0.00
Angle 909.47 1.13
Dihedral 3838.78 4.76
Shake 922.06 1.14
Quick3 0.00 0.00
Force 0.00 0.00
Other 400.04 0.50
Total 80701.63 22.42 ;
Nonsetup 80701.41 100.00%
Setup wallclock 1 seconds
Nonsetup wallclock 105370 seconds
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B) with acetylcholine 
INPUT
Simulated Annealing with Cartesian Constraints
&cntrl
imin=0, ntx=l, nstlim=5000,
scee=1.2, id ie l= l ,  d ielc=4, cut=12.0,
ntc=3, ntf=3, n t t= l ,
ntpr=1000, ntwr=2000, ntwx=50,
vlimit=20,
nsnb=20,
nmropt=l,
n tr= l ,
&end
# simulated annealing algorithm:
# from steps 0 to 1000: ra ise  target temperature 10->1000K $
# from steps 1000 to 5000: re-cool to low temperatures
#
&wt type®' TEMPO',  i s te p l= 0 , istep2=1000,valuel=10.,  
value2=1000. ,  &end
$
&wt type®'TEMPO',  istepl=1001, istep2=5000, valuel=0 .,  
value2=0.0, &end
#
# Strength of temperature coupling:
# steps 0 to 1000: t ig h t coupling for heating and equ ilib ration
$
# steps 1001 to 5000: fa s t  cooling, l ik e  a minimization
#
&wt type®1TAUTP' ,  is tep l=0 ,is tep 2=1000 ,v a lu el=0 .2, 
value2=0.2, &end
$
&wt type®1TAUTP’ , is tep l=1001,istep 2=2500,valuel=0 .5, 
value2=0.5, &end 
&wt type=ITAUTP', is tep l=2501 , istep2=5000,valuel=0.05, 
value2=0.05, Send
&wt type=’END', Send 
&rst ia t=0 , Send 
Group input for restra in ted  atoms
2.0 
FIND
CA * M *
SEARCH 
RES 1 311 
END 
END
MD
&cntrl
imin=0, n tx=l,
ntpr®2500, ntwr=25000, ntwx=2500,
scee=1.2, id ie l= 0 ,  cut=12.0,
nstlim=250000,
temp0®300, ntt=4,
d t=0.001,
ntc®3, ntf=3,
nsnb®20,
Send
A - xxv
Appendix III: m lAchR Simulated Annealing and Molecular Dynamics
Amber 5 SANDER Scripps/UCSF 1997
| Run on Mon Sep 8 14:05:06 2003
[-O verw riting output
F i le  Assignments:
|MDIN : MD_V2DD.in 
|MDOUT: ACh_newMlt_298K.out 
|INPCR: ACh_newMlt_warm. xyz 
1PARM : prmtop.ACh_newMlt 
|RESTR: ACh_newMlt_298K.xyz 
|REFC : prmcrd.ACh_newMlt 
|MDVEL: mdvel 
|MDEN : mden 
|MDCRD: mdcrd 
|MDINF: mdinfo
Here i s  the input f i l e :
Simulaten annealing with Cartesian Constraints
&cntrl
imin=0, ntx=l,
ntpr=2500, ntwr=25000, ntwx=2500,
scee=1.2, id ie l= 0 ,  cut=12.0,
nstlim=250000,
temp0=300, ntt=4,
d t= 0 .001,
ntc=3, ntf=3,
nsnb=20,
&end
Simulaten annealing with Cartesian Constraints
Reading &cntrl namelist w/ portable l ib
1. RESOURCE USE:
NATOM = 5117 NTYPES = 15 NBONH = 2598 MBONA = 2587
NTHETH = 5836 MTHETA = 3530 NPHIH = 10467 MPHIA = 6196
NHPARM = 0 NPARM = 0 NNB 28291 NRES 312
NBONA = 2587 NTHETA = 3530 NPHIA « 6196 NUMBND = 46
NUMANG = 99 NPTRA = 37 NATYP = 30 NPHB 0
IFBOX = 0 NMXRS = 26 IFCAP = 0
Memory type Allocated
Real 184316
Hollerith 41250
Integer 306950 (s ta t ic )
Max Nonbonded Pairs: 2685306 packed 1 to a machine word
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CONTROL DATA FOR THE RUN
TIMLIM= 999999. IREST = 0 IBELLY= 0
KFORM = 1 ICHDNA= 0 IMIN = 0
I POL = 0 IEWALD= 0
NTX 1 NTXO = 1
IG 71277 TEMPI = 0.00 HEAT = 0.000
NTB 0 IFTRES= 1 BOXX = 0.000
BOXY = 0. 000 BOXZ = 0. 000
NRUN = 1 NTT 4 TEMPO = 300.000
DTEMP = 0.000 TAUTP = 0.200 TAUTS = 0.200
ISOLVP= 0 VLIMIT= 0.000
NTP 0 PRES0 = 1.000 COMP = 44.600
TAUP = 0.200 NPSCAL= 0
NTCM = 0 NSCM = 9999999
NSTLIM=***** INIT = 3 NTU 1
T 0.000 DT 0.00100
NTC 3 TOL 0.00050 JFASTW = 0
NTF 3 NTID = 0 NTNB = 1
NSNB = 20 IDIEL = 0 IMGSLT= 0
IPRR = 0 IPRW = 0 ITRSLU= 1
CUT 12.000 SCNB = 2.000
SCEE = 1.200 DIELC = 1.000
CUT2ND= 0.00000
NTPR = 2500 NTWR = 25000 NTWX = 2500
NTWV = 0 NTWE - 0 NTWXM = 999999
NTWVM = 999999 NTWEM = 999999 IOUTFM= 0
NTWPRT= 0 NTWPR0= 0
NTR 0 NTRX = 1
TAUR « 0.00000 NMROPT= 0 ISFTRP= 0
RWELL = 1.00000 PENCUT= 0.10000
IVCAP = 0 MATCAP= 0 FCAP = 1.500
rHER DATA:
IFCAP = 0 NATCAP= 0 CUTCAP= 0.000
XCAP = 0.000 YCAP = 0.000 ZCAP = 0.000
NATOM = 5117 NRES = 312
Water d efin it ion  for fa s t  triangulated model:
Resname = WAT ; Oxygen_name = 0 ; Hydl_name = HI ; Hyd2_name = H2
3. ATOMIC COORDINATES AND VELOCITIES 
begin time read from input coords = 10.000 ps
Number of triangulated 3-point waters found: 0
Solute/solvent pointers:
IPTSOL= 312 NATRCM= 5117
IPTRES= 0 IPTATM= 0
NSPSOL= 0 NSPSTR= 0
NSOLUT= 5117 NATOM = 5117
KE Trans = 0.0000 KE Rot = 0.0000
NB-update: NPAIRS = 2454864 HBPAIR = 0
C.O.M. Vel = 0.000000
NSTEP = 0 TIME (PS) = 10.000 TEMP (I<) = 0.00
Etot = -1784.3314 EKtot = 0.0000 EPtot
BOND = 0.0000 ANGLE = 2389.6373 DIHED
1-4 NB -  1388.1010 1-4 EEL = 2832.7997 VDWAALS
EELEC = -8223.0780 EHBOND = 0.0000 CONSTRAINT =
PRESS = 0.00
-1784.3314 
1968.7355 
-2140.5267
0.0000
A - xxvii
Appendix III: m lAchR Simulated Annealing and Molecular Dynamics
NSTEP = 25000 TIME(PS) = 35.000 TEMP(K) =
Etot = 1046.6649 EKtot = 3026.7459
BOND = 0.0000 ANGLE = 2466.1991
1-4 NB = 1395.6098 1-4 EEL = 2888.8537
EELEC = -8415.0900 EHBOND = 0.0000
299.65 PRESS =
EPtot
DIHED
VDWAALS
CONSTRAINT =
0.00
-1980.0810
1882.4135
-2198.0671
0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0.004265 ETOT(AT X=0) = 1 . 124E+03
NSTEP = 50000 TIME (PS) = 60.000 TEMP (I<) =
Etot « 999.2176 EKtot = 3046.4306
BOND = 0.0000 ANGLE = 2536.3406
1-4 NB = 1363.8272 1-4 EEL = 2871.9416
EELEC = -8574.9583 EHBOND = 0.0000
301.60 PRESS =
EPtot
DIHED
VDWAALS
CONSTRAINT =
0.00
2047.2130
1884.9025
2129.2666
0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0.000502 ETOT(AT X=0) = 1 . 006E+03
NSTEP = 75000 TIME(PS) = 85.000 TEMP(K) =
Etot = 970.7058 EKtot = 3023.7428
BOND = 0.0000 ANGLE = 2484.7704
1-4 NB = 1384.4003 1-4 EEL = 2949.4004
EELEC = -8545.4673 EHBOND = 0.0000
299.35 PRESS =
EPtot
DIHED
VDWAALS
CONSTRAINT =
0.00
2053.0369
1880.4648
2206.6056
0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = 0.000457 ETOT(AT X=0) = 9 . 803E+02
NSTEP =100000 TIME(PS) = 110.000 TEMP(K) =
Etot = 983.5161 EKtot = 3037.2906
BOND = 0.0000 ANGLE = 2525.7805
1-4 NB = 1384.6612 1-4 EEL = 2892.7186
EELEC = -8517.6530 EHBOND = 0.0000
300.70 PRESS = 0.00
EPtot = -2053.7745
DIHED = 1861.0285
VDWAALS = -2200.3102
CONSTRAINT = 0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0.000562 ETOT(AT X=0) 9 .7 19E+02
NSTEP =125000 TIME(PS) = 135.000 TEMP(K) = 300.40
Etot = 949.0986 EKtot = 3034.3002 EPtot
BOND = 0.0000 ANGLE = 2483.0376 DIHED
1-4 NB = 1375.2779 1-4 EEL = 2909.2853 VDWAALS
PRESS = 0.00
-2085.2015 
1870.0361 
-2194.5405
EELEC -8528.2980 EHBOND = 0.0000 CONSTRAINT = 0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0.000624 ETOT(AT X=0) = 9 .531E+02
NSTEP 
Etot = 
BOND 
1-4 NB = 
EELEC =
150000 TIME(PS) 
965.7324 
0.0000 
1377.4001 
-8509.3264
= 160.000 
EKtot 
ANGLE 
1-4 EEL = 
EHBOND =
TEMP(K) = 
3028.5909 
2507.5635 
2919.4527 
0.0000
299.83 PRESS = 
EPtot =
DIHED 
VDWAALS 
CONSTRAINT =
0.00 
•2062.8585 
1886.3923 
■2244 .3407 
0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = 0.000379 ETOT(AT X=0) = 9.379E+02
NSTEP =175000 TIME(PS) = 185.000 TEMP(K) = 298,30 PRESS = 0.00
Etot = 921.2631 EKtot = 3013.0789 EPtot = -2091.8158
BOND = 0.0000 ANGLE = 2494.4153 DIHED = 1895.2536
1-4 NB = 1410.3160 1-4 EEL = 2931.0531 VDWAALS = -2260.9719
EELEC = -8561.8820 EHBOND = 0.0000 CONSTRAINT = 0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0.001729 ETOT(AT X=0) = 9 .365E+02
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NSTEP =200000 TIME(PS) = 210.000 TEMP(K) = 299.53 PRESS 0.00
Etot = 911.8803 EKtot 3025.5251 EPtot -2113.6448
BOND = 0.0000 ANGLE 2609.6206 DIHED 1864.0104
1-4 NB = 1352.1344 1-4 EEL = 2843.4837 VDWAALS -2288.3541
EELEC = -8494.5398 EHBOND = 0.0000 CONSTRAINT = 0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = 0.001420 ETOT(AT X=0) == 9 . 132E+02
NSTEP =250000 TIME(PS) = 260.000 TEMP(K) = 298.33 PRESS 0.00
Etot = 907.4532 EKtot 3013.4498 EPtot -2105.9966
BOND = 0.0000 ANGLE 2562.7525 DIHED 1898.8399
1-4 NB = 1373.3078 1-4 EEL = 2877.8054 VDWAALS -2298.4823
EELEC = -8520.2200 EHBOND = 0.0000 CONSTRAINT = 0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0.000617 ETOT{AT X=0) = 8.873E+02
A V E R A G E S  O V E R  * * * * *  S T E P S
NSTEP =250000 TIME(PS) = 260.000 TEMP(K) = 300.00 PRESS = 0.00
Etot = 948.7121 EKtot = 3030.2891 EPtot = -2081.5769
BOND = 0.0000 ANGLE = 2513.4160 DIHED = 1873.5055
1-4 NB = 1378.8800 1-4 EEL = 2899.2950 VDWAALS = -2228.1642
EELEC = -8518.5092 EHBOND = 0.0000 CONSTRAINT = 0.0000
R M S  F L U C T U A T I O N S
NSTEP =250000 
Etot =
BOND 
1-4 NB = 
EELEC =
TIME(PS) 
76.1997 
0.0000 
13.3715 
62.4380
= 260.000 
EKtot 
ANGLE 
1-4 EEL = 
EHBOND =
TEMP(K) = 
31.1925 
36.4646 
25.5454 
0.0000
PRESS3.09 
EPtot 
DIHED 
VDWAALS 
CONSTRAINT =
0.00 
70.6090 
24 .3711 
36.0149 
0.0000
ELAPSED TIME = 80758.988 TOTAL TIME = 80758.988
Routine Sec %
P a i r l i s t 3192.13 3.95
Nonbond 71483.93 88.52
Bond 0.00 0.00
Angle 926.13 1.15
Dihedral 3841.43 4.76
Shake 911.55 1.13
Quick3 0.00 0.00
Force 0.00 0.00
Other 403.82 0.50
Total 80758.99 22.43
Nonsetup 80758.76 100. 00!
Setup wallclock 1 seconds
Nonsetup wallclock 105337 seconds
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C) with atropine
Amber 5 SANDER Scripps/UCSF 1997
| Run on Mon Sep 8 14:04:12 2003
[-0]verwriting output
File Assignments:
|MDIN : MD_V2DD.in 
IMDOUT: at__newMlt_298K. out 
|INPCR: at_newMlt_warm.xyz 
|PARM : prmtop.at_newMlt 
IRESTR: at_newMlt_298K.xyz 
|REFC : prmcrd.at_newMlt 
[MDVEL: mdvel 
j MDEN : mden 
|MDCRD: mdcrd 
|MDINF: mdinfo
Here is the input file:
Simulaten annealing with Cartesian Constraints
&cntrl
imin=0, ntx=l,
ntpr=2500, ntwr=25000, ntwx=2500,
scee=1.2, idiel=0, cut=12.0,
nstlim=250000,
temp0=300, ntt=4,
dt=0.001,
ntc=3, ntf=3,
nsnb=20,
&end
Simulaten annealing with Cartesian Constraints 
| Reading &cntrl namelist w/ portable lib
1. RESOURCE USE:
NATOM = 5135 NTYPES = 15 NBONH = 2605 MBONA = 2601
NTHETH = 5856 MTHETA = 3550 NPHIH = 10514 MPHIA = 6234
NHPARM = 0 NPARM = 0 NNB 28420 NRES 312
NBONA = 2601 NTHETA = 3550 NPHIA = 6234 NUMBND = 46
NUMANG = 100 NPTRA = 37 NATYP = 30 NPHB 0
IFBOX = 0 NMXRS = 44 IFCAP = 0
Memory type Allocated
Real 184967
Hollerith 41394
Integer 307946 (static)
| Max Nonbonded Pairs: 2694752 packed 1 to a machine word
2. CONTROL DATA FOR THE RUN
TIMLIM= 999999. IREST = 0 IBELLY= 0
KFORM = 1 ICHDNA= 0 IMIN = 0
IPOL = 0 IEWALD= 0
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NTX 1 NTXO = 1
IG 71277 TEMPI = 0.00 HEAT = 0.000
NTB 0 IFTRES= 1 BOXX = 0.000
BOXY = 0.000 BOXZ = 0. 000
NRUN = 1 NTT 4 TEMPO = 300.000
DTEMP = 0.000 TAUTP = 0.200 TAUTS - 0.200
ISOLVP= 0 VLIMIT= 0.000
NTP 0 PRES0 = 1.000 COMP = 44.600
TAUP = 0.200 NPSCAL= 0
NTCM = 0 NSCM = 9999999
NSTLIM=***** INIT = 3 NTU 1
T 0.000 DT 0.00100
NTC 3 TOL 0.00050 JFASTW = 0
NTF 3 NTID - 0 NTNB = 1
NSNB = 20 IDIEL = 0 IMGSLT= 0
IPRR = 0 IPRW = 0 ITRSLU= 1
CUT 12.000 SCNB = 2.000
SCEE = 1.200 DIELC = 1.000
CUT2ND= 0.00000
NTPR = 2500 NTWR = 25000 NTWX = 2500
NTWV = 0 NTWE = 0 NTWXM = 999999
NTWVM = 999999 NTWEM = 999999 IOUTFM= 0
NTWPRT= 0 NTWPR0= 0
NTR 0 NTRX = 1
TAUR = 0.00000 NMROPT= 0 ISFTRP= 0
RWELL = 1.00000 PENCUT= 0.10000
IVCAP = 0 MATCAP= 0 FCAP = 1.500
OTHER DATA:
IFCAP = 0 NATCAP= 0 CUTCAP= 0.000
XCAP = 0.000 YCAP = 0.000 ZCAP = 0.000
NATOM = 5135 NRES = 312
Water definition for fast triangulated model:
Resname =: WAT ; Oxygen_name = O ; Hydl name = HI ; Hyd2 name = H2
3. ATOMIC COORDINATES AND VELOCITIES 
begin time read from input coords = 10.000 ps
Number of triangulated 3-point waters found: 
Solute/solvent pointers:
IPTSOL= 312 NATRCM= 5135
IPTRES= 0 IPTATM= 0
NSPSOL= 0 NSPSTR= 0
NSOLUT= 5135 NATOM = 5135
KE Trans = 0.0000 KE Rot = 0.0000
NB-update: NPAIRS = 2478990 HBPAIR = 0
C.O.M. Vel = 0.000000
NSTEP = 0 TIME(PS) = 10.000 TEMP(K) » 0.00 PRESS 0.00
Etot -1750.0742 EKtot 0.0000 EPtot = -1750.0742
BOND 0.0000 ANGLE 2391.0738 DIHED 1972.5940
1-4 NB 1396.6553 1-4 EEL = 2877.7095 VDWAALS -2124.3694
EELEC -8263.7374 EHBOND = 0.0000 CONSTRAINT = 0.0000
NSTEP = 25000 TIME(PS) 35.000 TEMP(K) = 299.82 PRESS = 0.00
Etot 1186.1711 EKtot 3038.2403 EPtot -1852.0692
BOND 0.0000 ANGLE 2498.6404 DIHED 1937.1923
1-4 NB 1396.8704 1-4 EEL = 2899.0249 VDWAALS -2164.4152
EELEC -8419.3820 EHBOND = 0.0000 CONSTRAINT = 0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = 0.002493 ETOT(AT X=0) = 1.223E+03
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Appendix III: m lA chR  Simulated Annealing and Molecular Dynamics
NSTEP = 50000 TIME(PS) =
Etot 
BOND 
1-4 NB 
EELEC
1171.7137
0.0000
1359.5841
-8523.5945
60.000 
EKtot 
ANGLE 
1-4 EEL = 
EHBOND =
TEMP(K) = 
3052.6041 
2572.5827 
2928.7418 
0.0000
301.23 PRESS =
EPtot
DIHED
VDWAALS
CONSTRAINT =
0.00
1880.8904
1947.9600
2166.1645
0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0.001695 ETOT(AT X=0) = 1.155E+03
NSTEP = 75000 TIME(PS) = 85.000 TEMP(K) =
Etot = 1033.5263 EKtot = 3039.8523
BOND = 0.0000 ANGLE = 2507.2391
1-4 NB = 1391.6006 1-4 EEL = 2923.3231
EELEC = -8518.3723 EHBOND = 0.0000
299.98 PRESS
EPtot
DIHED
VDWAALS
CONSTRAINT =
0.00 
-2006.3261 
1882 .2248 
-2192.3414 
0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0.002227 ETOT(AT X=0) = 1.119E+03
NSTEP =100000 TIME(PS) = 110.000 TEMP(K) =
Etot = 1033.5456 EKtot = 3028.3772
BOND = 0.0000 ANGLE = 2522.8624
1-4 NB = 1391.6139 1-4 EEL = 2941.3855
EELEC = -8565.9401 EHBOND = 0.0000
298.84 PRESS =
EPtot
DIHED
VDWAALS
CONSTRAINT =
0.00 
■1994.8317 
1911.7342 
•2196. 4876 
0. 0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0.001026 ETOT(AT X=0) = 1.078E+03
NSTEP =125000 TIME(PS) = 135.000 TEMP(K) =
Etot = 975.3694 EKtot = 3035.7759
BOND = 0.0000 ANGLE = 2535.1676
1-4 NB = 1369.2534 1-4 EEL = 2892.2408
EELEC = -8608.4753 EHBOND = 0.0000
299.57 PRESS =
EPtot
DIHED
VDWAALS
CONSTRAINT =
0. 00 
-2060.4065 
1889.4992 
-2138.0922 
0. 0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0.000756 ETOT(AT X=0) = 1.060E+03
NSTEP =150000 TIME(PS) = 160.000 TEMP(K) =
Etot = 1045.8597 EKtot = 3040.2345
BOND = 0.0000 ANGLE = 2525.5170
1-4 NB = 1381.7731 1-4 EEL = 2927.9575
EELEC = -8666.0095 EHBOND = 0.0000
300.01 PRESS =
EPtot
DIHED
VDWAALS
CONSTRAINT =
0.00 
1994.3748 
1936.0047 
2099.6175 
0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0.000496 ETOT(AT X=0) = 1.037E+03
NSTEP =175000 TIME(PS) = 185.000 TEMP(K) =
Etot = 991.0533 EKtot = 3052.4483
BOND = 0.0000 ANGLE = 2506.1324
1-4 NB = 1383.0525 1-4 EEL = 2909.4955
EELEC = -8622.1138 EHBOND = 0.0000
301.22 PRESS =
EPtot
DIHED
VDWAALS
CONSTRAINT =
0.00
2061.3950
1933.6879
■2171.6494
0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = 0.000197 ETOT(AT X=0) = 1.019E+03
NSTEP =200000 TIME(PS) = 210.000 TEMP(K) =
Etot = 1032.2524 EKtot = 3043.2360
BOND = 0.0000 ANGLE = 2534.6413
1-4 NB = 1388.0454 1-4 EEL = 2919.8165
EELEC = -8576.8785 EHBOND = 0.0000
300.31 PRESS =
EPtot
DIHED
VDWAALS
CONSTRAINT =
0.00 
■2010.9837 
1901.8782 
■2178.4866 
0. 0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = 0.000308 ETOT(AT X=0) = 1.015E+03
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Appendix III: m lA chR  Simulated Annealing and Molecular Dynamics
NSTEP =225000 TIME(PS) = 235.000 TEMP(K) =
Etot = 1000.6864 EKtot = 3038.4540
BOND = 0.0000 ANGLE = 2536.7779
1-4 NB = 1371.4331 1-4 EEL = 2913.0822
EELEC = -8575.7156 EHBOND = 0.0000
299.84 PRESS = 0.00
EPtot = -2037.7677
DIHED = 1904.9150
VDWAALS = -2188.2603
CONSTRAINT = 0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0.001219 ETOT(AT X=0) = 1.024E+03
NSTEP =250000 TIME(PS) = 260.000 TEMP(K) =
Etot = 1033.0442 EKtot = 3056.8896
BOND = 0.0000 ANGLE = 2561.0313
1-4 NB = 1352.6558 1-4 EEL = 2915.2799
EELEC = -8598.6758 EHBOND = 0.0000
301.66 PRESS =
EPtot
DIHED
VDWAALS
CONSTRAINT =
0.00 
•2023.8454 
1906.0147 
2160.1513 
0.0000
RESULT OF LEAST SQUARE FIT OVER25000 STEPS
ENERGY DRIFT PER STEP = -0.000642 ETOT(AT X=0) = 9.934E+02
A V E R A G E S  O V E R  * * * * *  S T E P S
NSTEP =250000 TIME(PS) = 260.000 TEMP(K) = 300.00
Etot = 1059.6929 EKtot = 3040.1255 EPtot
BOND = 0.0000 ANGLE = 2521.0829 DIHED
1-4 NB = 1378.9962 1-4 EEL = 2909.2174 VDWAALS
EELEC = -8531.5176 EHBOND = 0.0000 CONSTRAINT =
PRESS = 0.00
-1980.4325 
1920.8182 
-2179.0296 
0.0000
R M S  F L U C T U A T I O N S
NSTEP =250000 
Etot =
BOND 
1-4 NB = 
EELEC =
TIME(PS) = 260.000 TEMP(K) =
78.6239 EKtot = 31.3421
0.0000 ANGLE = 36.9375
13.3558 1-4 EEL = 25.9484
84.9482 EHBOND = 0.0000
3.09 PRESS = 
EPtot 
DIHED 
VDWAALS 
CONSTRAINT =
0.00 
73.2517 
24 .2216 
36.0650 
0.0000
ELAPSED TIME = 80850.939 TOTAL TIME = 80850.939
Routine Sec %
Pairlist 3199.18 3.96
Nonbond 70854.94 87 . 64
Bond 0.00 0.00
Angle 930.94 1.15
Dihedral 4529.04 5.60
Shake 943.21 1.17
Quick3 0.00 0.00
Force 0.00 0.00
Other 393.63 0.49
Total 80850.94 22.46 .
Nonsetup 80850.72 100.00%
Setup wallclock 
Nonsetup wallclock
1 seconds 
83870 seconds
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A b s t r a c t
M o tiv a t io n . A  m o d el o f  th e  lectin  fro m  Aloe Arborescens w a s  bu ilt b y  h o m o lo g y  m o d ellin g . D o ck in g  stu dies  
w ith  m a n n o se  w e re  p e rfo rm e d  o n  th is m o d e l an d  th e  k n o w n  cry s ta l stru ctu res o f  m o n o c o t m an n o se  bin ding  
lectin s f ro m  snowdrop and  garlic. O n  th e  b asis  o f  th e se  resu lts  a ss o c ia tio n  o f  m o n o m e rs  to  f o rm  d im ers is fou n d  
to  b e  n e c e ssa ry  fo r  su cce ssfu l b in ding  o f  m a n n o se  b y  site  III  o f  th e se  lectin s , b y  p ro v id in g  th e  fou rth  s tran d  o f  
th e  p -sh e e t th at is  a  su p p o rtin g  e d g e  fo r  th e  site . F r o m  an  a n aly sis  o f  the carb o h y d ra te  bin d in g  sites  (I , II  and  III)  
o f  th e  a b o v e  lectin s an d  th e  d o ck in g  stu d ies, th e  m a n n o se  b in d in g  site  I  o f  a lo e  le c tin  is  p re d ic te d  to  re ta in  th e  
ab ility  to  b in d  m an n o se  w ith  all o f  th e  k e y  resid u es in v o lv e d  in b in ding  u n ch an g ed . S ite  II an d  III lo se  resid u es  
s p e c ific  fo r  h y d ro g e n  b o n d in g  an d  a re  p re d ic te d  to  b e  u n ab le  to  b in d  m an n o se . A lo e  le ctin  m o n o m ers a re  sh ow n  
to  b e  a b le  to  a ss o c ia te  as  d im ers b u t d o ck in g  is  still u n su cc e ssfu l in site  III.
M e th o d . P ro te in  h o m o lo g y  m o d ellin g  an d  A U T O D O C K  d o ck in g  stu dies
R e s u lts ..A n  h o m o lo g y  m o d el o f  A lo e  L e c tin  w a s  c re a te d  b y  b o th  m an u al an d  au to m a tic  m eth o d s and its  ab ility  
to  b in d  th e  n a tu ra l su b strate  m a n n o se  w a s  a ss e sse d  b y  d o ck in g  stu dies u sin g  th e  g e n e tic  a lg o rith m  ap p ro a ch  in 
th e  A U T O D O C K  p ro g ram . T h e  resu lts  o f  th e  d o ck in g  stu d ies w e re  co rre la te d  w ith  th o se  o n  lectin s fo r  w h ich  x -  
r a y  c ry s ta l d a ta  is k n ow n  an d  ra tio n alised  in  te rm s o f  s p e c ific  m u tatio n s in th e  a lo e  lectin  b in d in g  sites  
C o n c lu s io n s .. A lo e  lectin  is p re d ic te d  to  b e  ab le  to  b in d .m an n o se  in  its  site  I  b in d in g  s ite , u n ab le  to  b in d  in  site  
II b e c a u se  o f  k e y  resid u e  m u ta tio n s an d  a lso  u n ab le  to  b in d  in  s ite  III
A v a ila b il i ty ; S W I S S  M O D E L  a t  h ttp ://w w w .e x p a sv .ch  a n d  A U T O D O C K  a t
h ttp ://w w w .scrip p s .e d u /p u b /o lso n -w e b /d o c/a u to d o ck
K e y w o r d s . H o m o lo g y  m o d e lin g ., l e c t i n , d o ck in g , m a n n o se ., b in d in g  sites
A b b r e v ia t io n s  a n d  n o ta tio n s
C o lle c t  h ere  in  a lp h ab etica l o rd e r  a ll ab b rev ia tio n s and n o ta tio n s u se d  in  th e  p ap er
A N N , a rtific ia l n eu ra l n e tw o rk P L S , p artia l least sq u ares
C C , co m b in a to ria l ch e m istry Q S A R , q u an tita tive  s tru c tu re -a c tiv ity  re lation sh ip s
C L , co m b in ato ria l lib rary Q S P R , q u an tita tiv e  stru ctu re -p ro p e rty  relation sh ip s
G A , g e n e tic  a lg o rith m
1 INTRODUCTION
Lectins are proteins that selectively and reversibly bind carbohydrates [1]. 
Lectins are found in most organisms as a facilitator of host biological
Copyright © 2003 B io C h e m  Press
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recognition processes such as host pathogen interactions, fertilisation, 
lymphocyte homing and for the purposes of combating parasites and 
herbivores. They are proteins that are capable of recognising complex arrays of 
carbohydrates and are currently being used extensively as biological research 
tools utilising this ability to bind to cell surface carbohydrates [1,2]. 
Specifically, monocot mannose binding (M M B) lectins have been shown to 
bind to carbohydrates on the surfaces of retroviruses such as H IV  [3,4].
There are two categories o f carbohydrate-binding proteins. Group I  have 
deep binding pockets, which move to close off the bound molecule completely 
from the environment outside the protein. Group II  proteins have shallow  
binding sites and, as a consequence, lower binding affinities. A ll lectins fall 
into the category of group I I  carbohydrate binding proteins [5,6]. A t no time 
does the binding site move to enclose the substrate, nor does the site change 
much more than lA  upon binding. Moreover, there is no evidence to suggest 
distortion of the geometry of the sugar ring during binding as is observed in 
other carbohydrate binding systems [7]. A s a result of these characteristics, 
extended binding sites can exist, utilising van der Waals forces and aromatic 
stacking to improve selectivity for oligosaccharides [2,7]. Despite their highly 
polar nature, carbohydrates have non-polar patches which can be utilised by the 
protein to provide extra binding/selectivity by packing a non polar area against 
a hydrophobic residue.
Affinity for various carbohydrates has been noted to increase with the 
formation of oligomers, which gather together many binding sites [9]. A  M M B 
lectin monomer consists of three bundles of four anti parallel p-sheets joined
B io C h e m  P ress
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by loops to form a twelve-stranded (3-barrel in the shape of a triangular prism  
(Figure 1).
Figure 1: Schematic of an M M B lectin structure showing sites I. II and III.
These lectin monomers associate as dimers or tetramers with varying degrees 
of homology between the subunits [9], gathering together as many as 12 
binding sites. This clustering of subunits enables these proteins to bind to cell 
surfaces for their role within the plant, which is to selectively bind large, 
relatively planar, groups of carbohydrates. The binding sites of M M B lectins 
consist of an Asn residue which forms a hydrogen bond with the axial 2-OF1 of 
the mannose acting as a hydrogen bond acceptor. Asp and G in are polar planar 
residues, which form contacts with the 2-OH and 3-OH respectively as 
hydrogen bond donors. A  Tyr residue is an OH containing residue hydrogen 
bonding with the 4-OH of the mannose. A  hydrophobic interaction between a 
V al and the C3 and C4 of the mannose is also thought to be important [2, 9,10].
B io C h e m  Press
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The primary structures of lectins show significant sequence identity and 
homology within each lectin group. It is thus possible within these groups of 
proteins to predict the secondary structure of a sequence for which there is no 
available three-dimensional model and to build a model by homology 
modelling [2]. Here we look at the Monocot Mannose Binding (M M B) family 
of lectins and build a homology model o f aloe lectin in order to assess its 
potential ability to bind mannose. A ll o f the crystal structures available in the 
Brookhaven Protein Data Bank (pdb) for these proteins have three highly 
conserved mannose binding sites. There are no such structures that have the 
residues instrumental in binding altered, however models of such lectins have 
been studied [9,11] and binding is not considered to be possible. Alterations in 
two of the three binding sites are apparent from the primary sequence of aloe 
lectin. A  modelling study o f this lectin and its family was undertaken to 
understand the modes o f binding o f these proteins to polysaccharides on the 
surfaces of cells and viruses in plants. These results may also eventually be 
useful to identify the potential of such lectins for various therapeutic purposes, 
such as the molecular recognition of viruses in other systems.
2 MATERIALS AND METHODS
Homology modelling was performed manually using Insightll (Biosym  
Technologies, San Diego), nm on a Silicon Graphics Iris Indigo XZ4000  
workstation. Protein sequences were aligned using ClustalW , the internet 
service at the European Bioinformatics Institute http://www.ebi.ac.ulc/clustalw 
[12]. Protein structures were viewed, manipulated and superimposed using the
B io C h e m  Press
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Builder and Biopolymer module of Insightll and also with Deep View , also 
known as Swiss PD B View er from Glaxo-W ellcome in Switzerland [13]. 
SW ISSM O D EL, the artificial intelligence based server at 
(http: / /www.expasv.ch) [13,14,15] was also used to create homology models. 
The Discover module of Insightll was used for potential energy minimisations. 
The force field used for all of the calculations undertaken using Insightll was 
A M B ER  [16]. M olecular Dynam ics simulations were carried out using 
A M BER5 [17] on the supercomputer facilities (Columbus) at the Rutherford 
Appleton Laboratory, Oxford, U K . Docking was carried out using the 
A U TO D O C K  suite of programs [18] using the Lamarkian genetic algorithm  
with default settings. A U T O D O C K  uses a linear free energy approach to 
calculate the free energies o f binding, including a solvation model. The final 
docked energies quoted = Final Intermolecular Energy + Final Internal Energy 
of the ligand. The program Autodock Tools [19] was used to prepare the ligand 
for docking.
Homology Model
The lectin from Galanthus Nivalis (ljpc.pdb [5]), with a resolution of 2.0A, 
was used as the template to model the aloe lectin (sequence retrieved from the 
SwissProt database, lec aloar [20]). In  total, 43 residues were replaced and one 
inserted using the library of allowed conformations available with Insightll. 
The aligned sequences have 109 residues each, including a gap in ljp c, giving 
a sequence identity of 60% (Table 1).
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Snowdrop(ljpc) DNILYSGETLSTGEFLNYGSFVFIMQEDCNLVLYDVDKPIWATNTGGLSR 
Aloe (lec aloar) D N I L Y S S E | L | B H ^ GH i FIMQ|DCNLVLYH H PTWAlNTGG4 L Daffodil(Inpl) DNILYSGETLS PGE FLNNGRYVFIMQE DCNLVLYDVDKPIWATNT GGLDR
Gar1i c (lbwua) RNILRNDEGLYGGQSLDVNPYHFIMQEDCNLVLYDHSTSVWASNTGILDK
Garlic(lbwub) RNILTNDEGLYGGQSLDVNPYHLIMQEDCNLVLYDHSTAVWSSNTDIPDK
S. SCFLS-MQTDGNLWYNPSNKPIWASNTG-GQNGNYVCILQKDRNWTYGTDRWATGTHT-
a  . | c | B ^ TDGNLVVlNB NH Iw^SNT6TH NGlYH t ^ KH NVVIV(4 H WATGTH GD. RCHLS -MQSDGNLWY S PRNNPIWASNTG-GENGNYVCVLQKDRNWT YGTARWATGTNIH
G (a) KGCRAVLQSDGNFWYDAEGRSLWASHS VRG-NGNYVLVLQEDGNWI YRSDIWSTN---
G (b) KGCKAVLQSDGNFWYDAEGASLWASHSVRG-NGNYVLVLQEDGNWT YRSDIWSTNTYR-
Table 1: Sequence alignment of Aloe lectin with Snowdrop, Daffodil and Garlic lectin. Name 
of plant followed by PD B code and chain identifier where necessary or sequence identifier. |  
= residues to be replaced, — = residue to be inserted, Pink type = residues involved in binding. 
Green type = sequence additionally required for constructing binding site.
Studies of lectins have been published with models built from sequence 
identities of between 40% to 50% [11,21,22]. Owing to the ease of automated 
homology modelling the aloe sequence was also submitted to the 
SW ISSM O D EL server (www.expasv.ch) to produce a model of both the 
monomer and the dimer, The x-ray structure of the lectin from Galanthus 
Nivalis (lm sa) was used as a template for the automatic homology model[23].
We have called the resulting monomer models, aloe and swiss-aloe 
respectively.
M in im isatio n
In order to assess the binding sites of the monomers the entire lectin structures 
were first compared before continuing to look in more detail at the comparison 
of the binding sites. Four M M B lectin structures were chosen from the Protein 
Data Bank for comparison with the two aloe models. These four were chosen 
because their sequence homology with aloe lectin is greater than 50% and their 
resolution is below 3A. A ll six lectin structures were minimised: the two aloe 
models, lbwua.pdb [24] (from Garlic) and lmsa.pdb (chain A  only), ljpc.pdb
B io C h e m  Press
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and lnpl.pdb (Daffodil, Narcissus Pseudonarcissus) [25]. All six were treated 
the same in order that artifacts of crystal packing forces be removed from the 
crystal structures and thus meaningful comparisons could be made with the two 
Aloe models. Initially the steepest descents method was used. After 100 
iterations the energy was below lOOkcal/mol and further minimisation using 
the conjugate gradients method was carried out. The convergence criterion was 
set at 0.001 kcal/mol for the root mean square deviation (rmsd) of the energy. 
The final energies of the models were around -lOOOkcal/mol. The models and 
all four crystal structures were analysed using Procheck [26]. The resulting 
Ramachandran plots indicated that the minimised structures and the models 
both contain few residues in disallowed regions. The x-ray structures and 
models were superimposed using the residues at the ends of the P-sheets as 
anchor points, as these are the regions of the proteins that are best conserved. 
In all the backbone atoms of 20 residues were paired for the superimposition 
(Table 2).
Resolution
A
Model
%ID
Aloe Swiss
aloe
jpc msa bwu daff
- aloemin 100% 60% 60% 52% 57%
- R swissaloemin 1.07 60% 60% 52% 57%
2.00 M jpcmin 1.90 1.83 100% 51% 86%
2.80 S msamin 1.76 1.72 0.48 51% 86%
2.29 D bwumin 2.29 2.22 2.83 2.66 50%
2.00 (A) daffmin 1.86 1.86 0.50 0.93 2.66
Table 2: Root mean squared deviation (rmsd) and %  identity of all lectin models and all four
minimised x-ray structures together with the resolution of the crystal structures used.
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Molecular Dynamics
The Aloe dimer was equilibrated for a period of 25ps after initial heating (in 10 
ps steps/50K up to the production temperature of 300K) and then subject to a 
250ps constant pressure molecular dynamics run at 300K, in a solvated water 
box at lbar. The resulting structure has an rmsd from the original (using the 
above criteria for superimposition) o f 1.58 A. From these simulations it is 
likely that aloe lectin w ill retain the overall fold of a M M B lectin and associate 
to form dimers.
2.1 Chemical Data
Structures of the mannose ligand used in this study in both open chain and pyranose form. The 
pyranose form was used exclusively for the docking studies (Figure 2).
H O  O H  H O
mannose
OH
mannopyranose
Figure 2: Structure of the mannose ligand used in the docking simulations.
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3 RESULTS AND DISCUSSION
The Binding sites
In each of the three binding sites of the crystal structures of ljpc, lbwu, lmsa 
and lnpl monomers, the binding site residues Asn, Asp, Gin and Tyr which 
form hydrogen bonds to the ligand, and are considered to be prerequisite for 
binding, are identical. There is also a conserved Val in all three binding sites 
which forms a hydrophobic interaction. Mannose ligands are seen in the 
binding sites of the x-ray structures. Some of these ligands are oligosaccharides 
but hydrogen bonds occur to only the first mannose, the rings of the other 
mannoses becoming involved in binding only when dimers associate to form 
tetramers. The appearance of lnpl and ljpc in the PDB as monomers with 
ligands present in all three binding sites may be misleading as the crystals from 
which they are derived contained tetramers [2, 25].
Firstly AutoDoek was validated for this type of system by performing dockings 
to each of the binding sites of the minimised garlic lectin monomer with 
methyl-a-D-mannose that is found in the crystal structure lbwu (Figure3).
Docking
T‘
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Figure 3: AUTODOCK Docking validation to the X-ray structure of garlic lectin. The 
structure of the garlic dimer is shown on the left hand side and the best docked position of 
mannose in binding site III is shown on the right hand side. Monomer 1 is shown in purple 
with the four key residues for binding displayed on the right. Monomer 2 is shown in green.
Gasteiger charges [28] were assigned to the ligand using the AutoDock Tools
package and the mannose was placed in the binding site in the same position as
in the crystal structure. AutoDock was used to produce a final docked
conformation within a fixed protein structure. This proved successful for sites I
and II after only 10 runs of conformational space search. A docking was
considered to be successful when the ligand was seen to be in a position to
form hydrogen bonds with all four of the residues directly involved with
mannose binding in M M B  lectins (Table 3); essentially the same position as
seen in the crystal structure.
Mannose group Bwu-min
(residue:A)
Aloe-min
(residue:A)
jpc-min
(residue:A)
0 2
H Asn30: 2.01 H Asn30: 2.02 H Asn30: 1.86
0 2 H
O Gln26: 2.05 
O Asn28: 2.66
O Gln26: 2.18 O Gln26: 1.95 
O Asn28: 2.73
0 3
H Gln26: 2.23 H Gln26: 2.04 H Gln26: 2.33
03H O Gln26: 1.85 O Gln26: 2.16 H Tyr30: 1.72
04 - - -
04H O Tyr34: 1.83 O Tyr34: 2.04 -
06 H Ser39: 2.48 H Ser39: 2.08 -
06H - O Asn44: 1.76 O Asn44:2.04
07 - - -
Final Docked 
Energy kcal/mol
-4.03 -4.79 -3.68
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Table 3: The above are the lowest Final Docked Energy positions from 10 docked postions 
calculated by Autodock. The Final Docked Energy = Final Intermolecular Energy + Final 
Internal Energy of Ligand; these energies are of a similar magnitude for each docking 
performed here. The four key residues are not always observed to be involved in binding.
The lowest energy structure was used for analysis. The distance between
Asp28 and 2-OH of mannose is observed to be slightly greater than might be
considered usual for a hydrogen bond at around 2.7A, however, in the crystal
structures this interaction is also seen to be longer than those with other
residues. From an analysis of the models, the crystal structures and the docking
studies examined here, the hydrophobic interaction with the conserved Val
seems to be from C3-C6 of the mannose. This hydrophobic patch on the
mannose is crucial for the recognition of mannose in M M B  lectins, as it is in
other mannose binding lectins [6]. Docking of mannose was unsuccessful to
Site III of lbwu, consisting of Gln90, Asp92, Asn94 and Tyr98, even after
several hundred runs of the simulations. This appears to be due to the
importance of a sequence of the protein required to provide structure to the
shallow binding pocket, similar to the role of loop D in leguminous lectins [7,
28,29]. In site I and II this sequence occurs directly after the sequence
containing the site and folds back to form the fourth strand of the P-sheet. This
sequence (Table 1) is not as highly conserved throughout this family as the
previously mentioned binding sites and does not have specific residues that are
a prerequisite for binding, although a hydrogen bond with Asn44 is observed.
There is an invariant Trp residue that is oriented towards the center of the
monomer (away from the binding site) in all three complete sites. Site III is
completed by the C-terminal tail of a second monomer when dimerisation
occurs, connected by hydrogen bonds and van der Waals contacts, which
B io C h e m  Press
10
http://www.biochempress.com
Internet Electronic Journal of Molecular Design 2003, 2, 000-000
provides the fourth strand of the (3-sheet and the third Tyr residue oriented into 
the center of the (3-barrel.
The absence of binding capability in site III  of M M B lectin monomers was 
further substantiated by attempting to dock mannose to jpc-m in and daff-min, 
whose crystal structures appear in the PD B as monomers with ligands in all 
three sites. Both of these monomers failed to dock mannose to site III. The 
same ligand was successfully docked to site III  of minimised garlic and 
snowdrop dimers from the lbw u and lm sa crystal structures from the PD B. 
From this it seems evident that this site is only active when stabilised in the 
dimeric form.
The mechanism of the association o f monomers to form dimers has been 
examined previously [9], the increased affinity of oligomers for carbohydrates 
[19] and the effect of oligomerisation on saccharide specificity [2] has also 
been noted. However, the necessity for the association of two monomers for 
binding to occur in site III  has not previously been observed. It is hoped that 
experimental work would confirm this observation.
Aloe Docking
Docking was successful to site I  o f aloe-min (Figure 4). This site has no 
alterations to the main residues involved in binding and hydrogen bonds are 
observed in a sim ilar pattern to that for the garlic docking above (Table 3), 
though there is not a bond between 2-OH and Asp28. In this model, Asp28 is 
orientated in such a way that it is not involved in binding at all and yet docking 
is still successful. Either three out of the four residues are sufficient for binding
B io C h e m  Press
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(indeed many of the docked conformations have hydrogen bonds to only three 
residues) or specifically Asp28 is not a requirement for mannose binding to 
occur. It is possible that an alteration in this residue that did not introduce 
steric, or other, interference would not necessarily render site I unable to bind 
mannose. Asp28 in Site I of swiss-aloe-min is closer to the snowdrop template 
and as such has hydrogen-bonding characteristics sim ilar to msa-min. The 
orientation of Gln26 in swiss-aloe-min and msa-min is such that there is a 
rotation in the end of the side chain resulting in oxygen and nitrogen being 
transposed. This is not so for site I of aloe-min or the other structures looked at 
here, but this variation is observed in many of the sites and does not seem to 
affect the docking capability. The protein and the mannose w ill be in constant 
motion and it is likely that hydrogen bond contacts are continuously being 
broken and reformed. These two models offer an interesting look at two 
different possible conformations of the same protein i.e. different local minima 
on the potential energy surface.
B io C h e m  Press
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Figure 4: A U T O D O C K  result of Mannose docked into Aloe lectin binding site I. Key residues 
involved in binding are shown in purple. The key Hydrophobic Valine residue is shown in 
yellow and additional residues forming the edge of binding pocket are shown in green.
Site I I  was not found to dock mannose in either model during these 
simulations. The replacement of Tyr66 with Gly65, although retaining the 
possibility of a hydrogen bond, does not reach far enough into the binding area.
The replacement of Ala75 with Gln74 within the supporting region of aloe-min 
sterically hinders the positioning o f mannose in the binding area making 
docking impossible. Swiss-aloe has no such clash but docking is also 
unsuccessful; it would seem that the Tyr is a vital residue for binding. Site III  
also does not dock mannose in either model. The important residues for 
binding are altered quite considerably with a conservative replacement of Asp 
with Asn, sim ilar in shape and retaining the ability to form a hydrogen bond 
and Tyr replaced with V a l which is a large alteration in shape and size and 
removes a vital hydrogen bond donor. More importantly, docking cannot occur 
to the monomer as a consequence o f the lack of a second monomer to provide 
the fourth strand of the (3-sheet and the support for the back edge of the site, as 
was found to be the case with the garlic, snowdrop and daffodil monomers.
Docking to site II I  was unsuccessful in the swiss-aloe dimer also, the 
alterations in the key residues are predicted to be too severe for binding to 
occur.
4 C O N C LU S IO N S
Lectins are carbohydrate binding proteins that exhibit a high degree of 
sequence identity and homology within a family. Characteristic folds are
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observed for each family group and binding sites are often highly conserved; 
any alterations in key residues directly involved in binding often resulting in 
loss of ability to interact with carbohydrates. A ll lectins show a propensity to 
form P-sheets as the predominant secondary structure motif and all associate to 
form dimers and tetramers. The necessity of this oligomerisation for the 
mannose binding capability of binding site II I  of M M B lectins has been 
suggested here: we have seen that this site w ill not dock mannose in the 
monomeric form. There are few sim ilarities in sequence between lectin 
fam ilies, but they have separately evolved means of achieving sim ilar 
physiological roles. A n example of this is association to form dimers and 
tetramers to facilitate the binding of large groups of cell surface carbohydrates. 
This is supported by the observation of higher mannose binding affinities of 
dimers and tetramers [19].
The aloe models constructed show that this lectin is likely to retain the overall 
fold of a M M B lectin and suggests that at least one of the three binding sites 
w ill remain active as it is identical to all others observed in this study. Docking 
o f mannose to this site provides further evidence that this w ill be the case. The 
highly conserved site I  binds mannose successfully but site II, with one 
alteration, although retaining the possibility of a hydrogen bond with the 
replaced residue does not bind mannose in the docking simulations. Site III  of 
the aloe monomer has further changes that remove the possibility of a 
hydrogen bond from the fourth residue involved in binding and as such is less 
likely to retain any affinity for mannose. In addition the supporting edge of the 
binding site supplied by dimerisation is m issing and indeed mannose does not 
dock to this site o f the monomer. Further modelling suggests that aloe lectin
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monomers are able to associate as dimers, as is the norm for the rest of this 
fam ily, and that site II I  in the dimer is also incapable of binding mannose in the 
dimeric form. Literature also supports this as changes in key residues of the 
carbohydrate binding sites, especially non conservative ones, w ill render these 
sites inactive [9].
The affinity o f this particular lectin for mannose w ill probably remain low, 
even as a dimer, as binding sites I I  and II I  are inactive. However, it is possible 
that aloe as a tetramer could bind branched mannopentoses utilising site I, 
which has retained its ability to bind mannose. Site I is an integral part of the 
areas o f association of dimers which contribute to extended binding sites that 
recognise (3-1,3 sugar linkages, which is considered to be a biologically 
relevant mode of binding [30]. Aloe lectin has the potential to form tetramers 
and thus this area would be fruitful for further study. The structural 
comparisons of lectins combined with homology modelling and ligand docking 
studies is a powerful tool for understanding the mode o f ligand binding in 
lectins and providing information about the behaviour of as yet unelucidated 
structures.
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